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Thesis abstract 1 
Ranaviruses, the causative viral pathogens behind one of the most 2 
widespread and deadly amphibian diseases have been present in the UK 3 
since at least the late 1980s. They have been implicated as the cause of 4 
mass mortality events and associated populations declines observed in the 5 
European common frog (Rana temporaria). Early public engagement in the 6 
study of ranaviral emergence in the UK led to the formation of a unique 7 
network of mostly privately owned field sites, each housing a population of R. 8 
temporaria of known ranaviral disease history. Working within this 9 
comparative network of populations, I investigated how a history of ranaviral 10 
disease impacts upon various aspects of R. temporaria populations. An 11 
experimental infection trial demonstrated that prior population history of 12 
ranaviral infection does not influence the ability of metamorphic R. temporaria 13 
to control pathogen burdens after primary infection, though individual body 14 
weight does. A comparative wild transcriptomics study, implemented using 15 
novel methodologies, found no evidence that a positive history of ranavirosis 16 
results in significant functional changes in the transcriptome of frog 17 
populations. An extensive study of the skin microbiomes of wild R. temporaria 18 
revealed for the first time that the commensal bacterial communities present 19 
on the skin of wild amphibians might be as intimately linked to ranaviruses as 20 
they are to other amphibian pathogens. And finally, skeletochronological 21 
analysis of wild adult R. temporaria provided first evidence that infection with 22 
a ranavirus reduces the age distribution in positive disease history 23 
populations, potentially altering host life history strategies and heightening risk 24 
of local extinction. 25 
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Chapter 1: General introduction 
 
  
 11 
Infectious diseases not only posed a threat humans (Taylor, Latham & 1 
Woolhouse 2001) but also to domesticated and wild animal populations 2 
(Daszak, Cunningham & Hyatt 2000). Increased monitoring efforts mean that 3 
new infectious diseases are being discovered at a faster rate during the 21st 4 
century than at any known prior point in history (Jones, Patel & Levy 2008b). 5 
A wide range of animal species, including many of grave conservation 6 
concern, are impacted by emerging diseases. Such species range from tiny 7 
marine corals (Richardson, Goldberg & Kuta 1998) to large mammals such as 8 
the Florida panther (Roelke, Martenson & O’Brien 1993), the Tasmanian Devil 9 
(McCallum 2008) and Californian sea lions (Acevedo-Whitehouse et al. 2003). 10 
Though traditionally the extinction risk posed by most infectious diseases is 11 
thought to be minimal (Pedersen et al. 2007), there is growing appreciation of 12 
the true conservation threat posed by emerging pathogens (Smith, Sax & 13 
Lafferty 2006; Smith, Acevedo-Whitehouse & Pedersen 2009; Pedersen et al. 14 
2007). As such, it is important that we aim to understand as much as possible 15 
about not only the causative pathogens themselves, but also the complex 16 
interactions between pathogens and hosts and how these interactions impact 17 
all aspects of the ecology of both host and pathogen.  18 
 
This thesis aims to increase our understanding of how one particular 19 
emerging infectious disease (EID), ranavirosis, impacts upon wild populations 20 
of European common frog (R. temporaria) in the United Kingdom. The scope 21 
of the thesis is broad, and the research contained herein covers a range of 22 
research areas, from transcriptomics to demographics via skin bacterial 23 
communities. Though the individual chapters may span several disciplines, 24 
 12 
the unique network of field sites within which they were conducted is a 1 
constant and unifying feature.  2 
 
Each chapter is intended to stand-alone and contains its own introduction that 3 
presents the relevant background theory, concepts, rationale and the 4 
hypotheses being tested. This general introductory chapter, therefore, serves 5 
to contextualise this work as a whole, to summarise of the current breadth of 6 
knowledge surrounding the pathogens in question, ranaviruses (with particular 7 
focus on amphibians) and to introduce the field system within which the 8 
research was conducted. 9 
The amphibian extinction crisis 
It is thought that the world is in the midst of a biodiversity crisis (Barnosky et 10 
al. 2011) and globally amphibians are the group of vertebrates facing the 11 
highest risk of extinction (Wake & Vredenburg 2008). More than 30% of the 12 
world’s almost 6000 amphibian species are listed as vulnerable to extinction, 13 
or worse, by the International Union for the Conservation of Nature (IUCN; 14 
Mendelson et al. 2006). Not only do amphibians succinctly emblemise the 15 
current imperilment of the world’s biodiversity, but many species also provide 16 
critical ecosystem services (Hocking & Babbitt 2014) or resources (Gilbert et 17 
al. 2012) of direct value to human society. The plight of amphibians therefore 18 
continues to generate considerable interest from both the academic and the 19 
public spheres.  20 
 
The causes behind amphibian declines are multifaceted and are attributable 21 
to several interlinked drivers (Wake & Vredenburg 2008). Some of the most 22 
 13 
important appear to be: Climate change (Foden et al. 2013); over harvesting 1 
to supply the global markets of food, traditional medicines, and exotic pets 2 
(Xie et al. 2007); and habitat destruction (Cushman 2006). However, EIDs are 3 
also playing a major role in the ongoing decline of amphibian populations 4 
around the world (Daszak et al. 1999). 5 
 
Pathogenic species of bacteria (Mauel et al. 2002), protists (Isidoro-Ayza et 6 
al. 2017) and mycetozoans (Federici et al. 2015) have been found to cause 7 
amphibian disease and mortality. However, perhaps the most well studied of 8 
the emerging amphibian diseases is chytridiomycosis, caused by fungal 9 
pathogens belonging to the genus Bactrachochytrium. Bactrachochytrium 10 
dendrobatidis (Bd) was first discovered in 1997 (Longcore et al. 1999) and 11 
causes mortality in numerous amphibian species over a wide geographical 12 
range (Fisher, Garner & Walker 2009). Its congener B. salimandvorans (Bsal) 13 
has recently emerged in continental Europe and decimated populations of 14 
urodel amphibians (Martel et al. 2014; Stegen et al. 2017). Additionally, 15 
several types of viral amphibian pathogens including herpes viruses (Origgi et 16 
al. 2017) and ranaviruses (Chinchar 2002a) have been identified. 17 
On the genus Ranavirus 
The first ranavirus to be discovered was isolated in the United States during 18 
the 1960s. It was named Frog Virus 3 (FV3) as it was the third virus to be 19 
fortuitously isolated from the carcass of a single northern leopard frog 20 
(Lithobates pipiens). At the time of discovery, northern leopard frogs were 21 
classified as a member of the genus Rana, hence the eponymous title of new 22 
group of viruses (Granoff, Came & Breeze 1966). Early research focussed 23 
 14 
primarily on the details of viral replication and its associated cellular events, 1 
however efforts to incorporate ranaviruses into biological control measures of 2 
insects failed and research into the genus waned (reviewed by Chinchar et al. 3 
2009).  4 
 
Ranaviruses were first identified as a source of disease in ectothermic 5 
vertebrates in the 1990s (Cunningham et al. 1996; Jancovich et al. 1997) and 6 
thus began to receive renewed academic effort. We now have a good insight 7 
into many areas of the ecology and evolution of ranaviruses and have begun 8 
to explore host-ranavirus interactions. However, compared to research into 9 
other groups of amphibian pathogens, such as the chytrids, much remains to 10 
be discovered. For example, with a few exceptions (discussed below), studies 11 
of the impact of ranaviruses in wild systems (other than reports of disease) 12 
are rare. Although the gross pathology and host range of ranaviruses is now 13 
well understood, knowledge of secondary mechanisms through which these 14 
diseases may impact whole host populations remains poor. The potential 15 
conservation and economic threat of ranaviruses is thought to be so great that 16 
they are now classified as a notifiable disease by the world organisation for 17 
animal health, the OIE (Schloegel et al. 2010), highlighting the need to 18 
continue to improve our understanding of this group of pathogens. The 19 
following is a summary of key research findings related to ranaviruses to date, 20 
with a particular focus on their relationship with amphibians. 21 
Taxonomy and phylogenetics 
Ranavirus is now known to be one of the genera of viral pathogens that 22 
belong to the Iridoviridae viral family (International Committee on Taxonomy 23 
 15 
of Viruses 2012). Its sister genera are Iridovirus and Chloriridovirus, members 1 
of which infect invertebrate hosts, Megalocytivirus and Lymphocystivirus, 2 
whose species infect cold blooded vertebrates (International Committee on 3 
Taxonomy of Viruses 2012). Ranaviruses themselves possess extremely 4 
large geographical and host ranges, being found on six of the world’s 5 
continents (all except Antarctica; Duffus et al. 2015) and being able to infect 6 
and cause disease in all classes of ectothermic vertebrates (Whittington, 7 
Becker & Dennis 2010; Marschang 2011; Miller, Gray & Storfer 2011). There 8 
are five recognised species within Ranavirus besides FV3: Ambystoma 9 
tigrinum virus (ATV), Bohle iridovirus (BIV), Epizootic haematopoietic necrosis 10 
virus (EHNV), European catfish virus (ECV) and Santee-Cooper ranavirus 11 
(SCRV) (International Committee on Taxonomy of Viruses 2012). Aside from 12 
the officially recognised species there are several genetically distinct lineages 13 
that are not yet formally recognised as independent species, perhaps the 14 
most notable of these is common midwife toad virus (CMTV; Mavian et al. 15 
2012). All ranaviruses possess large, linear, double stranded DNA genomes 16 
that range in size between 105 and 140 kilo base pairs (International 17 
Committee on Taxonomy of Viruses 2012). Although genes are highly 18 
conserved within the genus, gene order is not and may serve as a method to 19 
delineate related viral species.  20 
Seasonality and environmental factors of mortality 
Often the first signs that a population has become infected by a ranavirus is a 21 
mass mortality event (Cunningham 2001; Green, Converse & Schrader 2002). 22 
The onset of mortality is often sudden and greater than 90% of a population 23 
can die within several days (Green et al. 2002). Amphibian species vary 24 
 16 
greatly in their susceptibility to ranaviruses (Hoverman, Gray & Miller 2010) 1 
and susceptibility also varies between populations and life stages of the same 2 
species, yet in most susceptible species larval amphibians are the most 3 
vulnerable life stage (Green et al. 2002; Haislip et al. 2011; Miller et al. 2011). 4 
 
Mortality events occur most commonly in mid to late summer (Cunningham et 5 
al. 1996; Duffus, Nichols & Garner 2013). However, there is some debate as 6 
to whether this is a true ecological phenomenon or due to a detection bias, 7 
since human overlap with amphibian populations is likely to be higher in the 8 
summer (Brunner et al. 2015). Alternative explanations for apparent 9 
seasonality of amphibian dies-offs include the fact that most amphibian 10 
species reach metamorphosis in the summer months, a process which is 11 
associated with immunosuppression (Rollins-Smith 1998; Carey, Cohen & 12 
Rollins-Smith 1999). In fact, Warne, Crespi & Brunner (2011) demonstrated 13 
that the odds of death for wood frog (Lithobates sylvaticus) tadpoles exposed 14 
to ranavirus increased 1.7-fold for each Gosner (1960) stage of development, 15 
suggesting that susceptibility to ranaviruses increases as an individual nears 16 
metamorphosis. Additionally, increasing summer temperatures may play a 17 
role in the apparent seasonality of die offs. For example, the replication rates 18 
of most ranaviral species have been shown to increase with temperature up to 19 
some optimum, usually between 24-28oC, dependent on species (Ariel et al. 20 
2009). Mortality within R. temporaria tadpoles experimentally infected with 21 
ranavirus has also been shown to increase with temperature (Bayley, Hill & 22 
Feist 2013), however the opposite was found to be true in larval tiger 23 
salamanders (Ambystoma tigrinum; Rojas et al. 2005). Increasing 24 
 17 
temperatures may therefore increase viral replication or reduce host 1 
immunocompetance by acting as a direct stressor (Martin 2009).  2 
 
The influence of alternative stressors on host-ranavirus dynamics has also 3 
been noted. The threat of predation has been shown to increase mortality in 4 
larval tiger salamanders infected with ATV (Kerby, Hart & Storfer 2011). 5 
However no such effect was observed in the larvae of a range of anuran 6 
species (Haislip et al. 2012; Reeve et al. 2013). Additionally, the use of 7 
pesticides has also been found to increase mortality due to ranaviral infection 8 
(Kerby & Storfer 2009) but the pesticide atrazine was also shown to 9 
negatively impact upon the infectivity of the virus itself (Forson & Storfer 10 
2006). Proximity to heavy industry, human housing developments and grazing 11 
cattle also increase the prevalence of ranaviral infection in wild amphibian 12 
populations (Gray et al. 2007; St-Amour et al. 2008; Hoverman et al. 2012). 13 
Transmission and environmental persistence 
Transmission of ranaviruses can occur within or between species via several 14 
mechanisms including: as little as one second of skin to skin contact (Brunner, 15 
Schock & Collins 2007); the cannibalisation or predation of infected 16 
individuals - including the scavenging of carcases (Pearman et al. 2004; Harp 17 
& Petranka 2006); or the movement of virions through water (Cunningham et 18 
al. 2007; Brenes et al. 2014). Additionally, frog erythrocytic virus (a member of 19 
the genus Iridovirus) has been shown to be successfully transmitted via 20 
arthropod vectors (Gruia-Gray & Desser 1992), so similar means of 21 
transmission cannot be ruled out in ranaviruses.  22 
 
 18 
Several ecological risk factors that predispose a species or population to 1 
ranaviral infection have been identified (Hoverman et al. 2011). One key risk 2 
factor is to reside, or breed, in a permanent water body. Ranaviruses have 3 
been shown to become non-infectious in pond substrate that dries out 4 
(Brunner et al. 2007) but can persist for up to 72 days in pond water (Nazir, 5 
Spengler & Marschang 2012). Sharing a habitat with a species that is less 6 
susceptible to infection and may therefore serve as a reservoir or amplifier of 7 
ranavirus within the environment is also a risk factor (Hoverman et al. 2011; 8 
North et al. 2015). The co-occurrence of several susceptible species within 9 
one community increases the mortality within the community as a whole 10 
(Brenes 2013; Price et al. 2014). In fact, the order in which susceptible 11 
species within a community become infected can influence mortality rates 12 
(Brenes 2013).  13 
Host-Ranavirus co-evolution 
The importance of increased genetic diversity in a host population’s ability to 14 
survive ranaviral infection has previously been demonstrated (Pearman & 15 
Garner 2005) and evidence, particularly from the tiger salamander – ATV 16 
system, suggests that the dynamics of host-ranavirus relationships are 17 
influenced by their co-evolution. Cannibalism, which is known to be 18 
advantageous to salamander larvae, has been shown decrease within a 19 
population in the presence of ATV infection (Pfennig, Loeb & Collins 1991; 20 
Parris et al. 2005; Bolker et al. 2008). This is thought to be because 21 
scavenging the bodies of other salamander larvae increases the risk of 22 
infection with ATV (Bolker et al. 2008). These differences in cannibalism have 23 
been shown to be genetic, suggesting host adaptation to presence of 24 
 19 
ranavirus (Parris et al. 2005). Tiger salamander populations often exist in the 1 
absence of other amphibian species, meaning that secondary or reservoir 2 
hosts are often not present within their habitat. However, ATV infection of a 3 
population has been shown to persist indefinitely (Brunner et al. 2004), 4 
primarily infecting the larvae of each subsequent year. Metamorphic A. 5 
tigrinum harbouring sub-lethal infections leave the pond and return in later 6 
years to breed, thus ensuring the continued infection of the population 7 
(Brunner et al. 2004), suggesting ranaviral adaptation to their hosts life history 8 
strategies. Tiger salamanders also appear to possess greater resistance to 9 
strains of ranavirus with which they share a co-evolutionary history (Schock, 10 
Bollinger & Collins 2009) and phylogenetic analysis conducted on strains of 11 
ATV and the tiger salamander populations from which they were isolated 12 
show approximate phylogenetic concordance between the two trees (Storfer 13 
et al. 2007). The only incidence of novel viral strains detected within a wild 14 
salamander population are attributable to the irresponsible disposal of 15 
infected bait salamanders, often used by anglers (Jancovich et al. 2005). 16 
Ranavirus in herpetoculture 
The spread of ranaviruses via farmed bait salamanders or bull frogs (Rana 17 
catesbiana) is a big conservation concern. Ranaviruses isolated from animals 18 
taken from intensive amphibian breeding facilities often display increased 19 
virulence over those which occur in nature (Majji et al. 2006; Storfer et al. 20 
2007; Hoverman et al. 2011). Within natural populations viral virulence is 21 
balanced against likelihood of transmission (Thrall, Antonovics & Bever 1997). 22 
In other words, if a virus is highly virulent and quickly incapacitates or kills its 23 
host, it is less likely to be transmitted to additional hosts. High population 24 
 20 
densities within amphibian farms, coupled with ample opportunity for the 1 
scavenging of infected corpses means that viral transmission within these 2 
environments is virtually guaranteed, therefore virulence is not constrained by 3 
the same mechanisms as in nature.  4 
Ranaviruses as a cause of amphibian population declines 
Studies tracking the same populations of infected amphibians over time are 5 
rare. Therefore, so too are documented examples of ranaviruses causing 6 
population declines. However, populations of common frog (Rana temporaria) 7 
in the United Kingdom are known to have experienced approximately 80% 8 
declines in population size upon the introduction of ranavirus (Teacher, 9 
Cunningham & Garner 2010). Additionally, Price et al. (2014) have recently 10 
documented the widespread declines of entire amphibian communities in 11 
northern Spain. Price et al. (2014) identified several viral species present in 12 
the declining amphibian communities but the recently emergent CMTV was 13 
shown to be the prime cause of mortality. Population matrix projection models 14 
have also been used to demonstrate that given an all too plausible set of 15 
initial considerations, such as small population sizes and closed, fragmented 16 
populations, ranaviruses easily possess the capability to drive populations to 17 
local extinction (Earl & Gray 2014). 18 
Gross pathology and immunology 
The symptoms of clinical ranaviral infection, termed ranavirosis, are broadly 19 
similar between species. Ranaviruses attack the internal organs, particularly 20 
the kidneys, intestines and liver resulting in severe internal haemorrhage 21 
(Cunningham et al. 1996; Balseiro et al. 2009; Cheng et al. 2014). Lesions 22 
may also form in or around external organs including the eyes, the mucosal 23 
 21 
membranes of the mouth or on the tongue (Balseiro et al. 2009; Cheng et al. 1 
2014). A key diagnostic symptom is the formation of severe ulcers on the skin 2 
of an infected animal, which in extreme amphibian cases can result in the loss 3 
of entire limbs (Cunningham et al. 1996). Although ranavirosis is often fatal, 4 
wild individuals have been encountered with scarring indicative of healed 5 
ulcerations, suggesting that some individuals can survive acute disease 6 
(Teacher et al. 2010). 7 
 
Much of what is known of amphibian immune response to ranaviral infection 8 
comes from an experimental system established using a model species, the 9 
African clawed frog (Xenopus laevis), and FV3. Experimental infections of X. 10 
laevis have demonstrated that the first line of amphibian defence against FV3 11 
infection is a robust innate and inflammatory immune response, evidenced by 12 
increased recruitment of phagocytic cells and up-regulation of genes related 13 
to inflammatory immune response as early as 1 day post infection (Morales et 14 
al. 2010). A comparative study of immune gene expression between Xenopus 15 
tadpoles and adults revealed that tadpoles display a considerably reduced 16 
and delayed inflammatory immune response following experimental infection 17 
with FV3 (De Jesús Andino et al. 2012), supporting the general finding that 18 
tadpoles are more susceptible than adults in most species (Grayfer, De Jesús 19 
Andino & Robert 2014). However, inoculation of larval X. laevis with heat 20 
killed Escherichia coli bacteria prompted an immediate inflammatory 21 
response, suggesting that observed delays may be ranavirus specific (De 22 
Jesús Andino et al. 2012). Besides being an important aspect of host immune 23 
response, there is evidence that inflammation is a major contributor to the 24 
 22 
pathogenicity of ranaviruses (Hyatt et al. 2002; Grayfer et al. 2014). 1 
Additionally, it appears that phagocytic cells, specifically macrophages, may 2 
serve as within host reservoirs of latent FV3 infection and vessels of viral 3 
dissemination (Robert et al. 2007; Morales et al. 2010). Ranavirus virions 4 
have been found to remain dormant (in a non-replicating state) within host 5 
phagocytes, and begin to replicate again when the host becomes 6 
immunocompromised (Morales et al. 2010).  7 
 
Little is known about specific anti-viral aspects of the amphibian immune 8 
response, however pre-treatment of Xenopus cell lines with an interferon 9 
isolated from adult frogs significantly improved cellular survival upon infection 10 
with FV3 (Grayfer et al. 2014). Adult Xenopus have also been shown to 11 
produce a stronger interferon response than tadpoles when experimentally 12 
infected with FV3, potentially providing another explanation for the higher 13 
comparative resistance of adult Xenopus (Grayfer et al. 2014). 14 
 
Following innate and inflammatory responses, it has been shown that the 15 
adaptive immune system of X. laevis is critical to the clearance of ranaviral 16 
infection (Maniero et al. 2006). Antibodies produced following primary 17 
infection with FV3 are quickly detectable and have been shown to confer 18 
increased resistance upon re-infection. Such a response remains detectable 19 
for up to 15 months following the initial infection (Gantress et al. 2003). 20 
Exposure to a serum containing antibodies extracted from inoculated adult 21 
frogs demonstrated almost complete inactivation of FV3 in vitro and when 22 
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administered to X. laevis tadpoles, greatly enhanced survival of experimental 1 
infections (Maniero et al. 2006). 2 
 
A T-cell response, mediated through the major histocompatibility complex 3 
(MHC), has also been shown to be critical to X. laevis resistance to ranaviral 4 
infection. Adult X. laevis that were subjected to a radiation treatment that 5 
depleted their T-Cells were not able to control FV3 infection and exhibited far 6 
greater mortality than control frogs (Robert et al. 2005). Tadpoles are deficient 7 
of classical MHC molecules prior to metamorphosis, however they do express 8 
non-classical MHC molecules that have also been shown to be critical to their 9 
already limited defences against ranaviruses (Edholm et al. 2013).  10 
 
A gene expression study conducted on the Mexican axolotl (Abystoma 11 
mexicanum) found evidence of strong sequential up-regulation of genes 12 
related to both innate and adaptive immune responses when subjected to 13 
infection with ATV (Cotter et al. 2008). However, Price et al. (2015) conducted 14 
a similar study into the gene expression changes of metamorphic R. 15 
temporaria subjected to FV3 infection and found limited evidence of any 16 
immune response at all, this is intriguing as R. temporaria are more 17 
susceptible to ranavirus during post-metamorphic life stages than they are as 18 
larvae. 19 
 
Ranaviruses are thought to possess genes that encode for several types of 20 
protein that allow it to interrupt or circumvent host immune responses. 21 
Jancovich & Jacobs (2011) showed that ATV lacking the ranaviral homologue 22 
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of vertebrate initiation factor (vIF2a) were more readily inhibited by amphibian 1 
interferons than ATV that possessed the gene. Ranaviruses have also been 2 
show to code for a protein containing a Caspase Activation and Recruitment 3 
Domain (CARD; Kawai & Akira 2010) and homologues of Tumour Necrosis 4 
Factor receptor and dUTPase (Eaton et al. 2007) all of which are known to 5 
inhibit antiviral immunity. 6 
Ranaviruses in the United Kingdom 
Many homeowners in the United Kingdom have small, permanent ponds in 7 
their back gardens. These water bodies are readily utilised by urban and sub- 8 
urban amphibian populations, meaning that many exist in areas that are 9 
readily observed by humans. Unsolicited reports, from members of the public, 10 
detailing unusual patterns of mortality in R. temporaria were first received by 11 
scientists at the Zoological Society of London (ZSL) during the late 1980s 12 
(Cunningham 2001). The visually distressing nature of ranavirus mortality 13 
events, coupled with a publicity drive, led to increased incidence of such 14 
reports and to the formation of the Frog Mortality Project (FMP) in 1992 15 
(Cunningham et al. 1996). The FMP collated reports of mortality events and 16 
performed post-mortem investigations, eventually identifying that a ranavirus, 17 
specifically a strain of FV3, was the causative pathogen behind the unusual 18 
frog mortality (Cunningham et al. 1996). The FMP continued to collect, collate 19 
and investigate reports of mortality up until 2013 when it was integrated into 20 
ZSL’s Garden Wildlife Health project, which now continues much of the same 21 
work (Lawson, Petrovan & Cunningham 2015). 22 
 
 25 
The FMP gave rise to an extensive database of R. temporaria populations 1 
known to have a positive disease history of ranaviral infection that was used 2 
for many of the foundational studies into the ecology of ranaviruses in the UK. 3 
Like mortality events observed in North America, mortality due to ranavirus in 4 
the UK was found to be seasonal with peaks during the summer months 5 
(Cunningham et al. 1996). However, unlike in North America, where many 6 
species of amphibian are susceptible to ranaviral infection, mortality in the UK 7 
was demonstrated to be mainly limited to R. temporaria (Cunningham et al. 8 
1996). Additionally, in contrast to the many susceptible amphibian species in 9 
North America, mortality in wild UK R. temporaria was shown to be restricted 10 
almost entirely to adult life stages (Duffus et al. 2013).  11 
 
Despite these differences, initial phylogenetic analysis suggested that the 12 
strain of FV3 spreading within the UK was most like that which was already 13 
known to be present in North America, and was likely introduced across the 14 
Atlantic by the trade in ornamental amphibian species (Hyatt et al. 2000). 15 
However, recent re-analysis of the FMP disease reports database and the 16 
associated archived tissue samples has revealed that the emergence of 17 
ranavirus in the UK may not be as straight forward a story as previously 18 
thought. Firstly, Price et al. (2016) performed a more extensive phylogenetic 19 
survey of ranaviral DNA extracted from tissues in the FMP archive and 20 
discovered that FV3 is likely to have been introduced into the UK on at least 21 
two separate occasions. Secondly, a further phylogenetic study of viral DNA 22 
extracted from FMP archived tissues revealed that CMTV has been infecting 23 
both R. temporaria and common toad (Bufo bufo) in the UK since at least 24 
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1995, which is the earliest known occurrence of CMTV (Price et al. 2017b). 1 
The FMP database has also been used to identify the critical role that humans 2 
are playing in the spread of ranaviruses throughout the country (Price et al. 3 
2016) and the anthropogenic and ecological factors that may increase the 4 
prevalence and severity of infections at the population level (North et al. 5 
2015). Such factors include the presence of secondary host species, the 6 
population existing within an urban environment, and the use of fish care 7 
products in the associated water body (North et al. 2015). 8 
 
To establish a comparative framework of R. temporaria populations a public 9 
appeal was used to create a database of ranavirus naïve frog populations 10 
(Teacher et al. 2010). Suitable populations were identified using the following 11 
key criteria: 12 
  
1. Pond owners and their resident frog populations having lived at the 13 
address since at least 1997; 14 
2. Pond owners having a good knowledge of their resident frog 15 
populations; 16 
3. Pond owners having never observed signs of clinical ranavirus 17 
infection in their frog populations. 18 
 
Together with the FMP database of disease incidence these two databases 19 
form a network of field sites unique in that it enables comparative studies that 20 
investigate the fundamental differences between wild amphibian populations 21 
caused by a positive history of ranaviral disease. Work conducted within the 22 
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system has revealed: that ranaviral infection has caused approximately 80% 1 
declines in population size at infected field sites (Teacher et al. 2010); that 2 
ranaviral infection may cause changes to the underlying genetics of infected 3 
R. temporaria populations, potentially as a result of the formation of 4 
assortative mating patterns (Teacher, Garner & Nichols 2009a); and that 5 
persistence of a population under infection with a ranavirus may be linked to 6 
the presence of particular MHC genotypes, with R. temporaria populations 7 
subject to infection appearing to be undergo selection favouring these 8 
genotypes (Teacher, Garner & Nichols 2009b).  9 
Thesis overview 
Much of the work for this thesis was conducted within the population network 10 
outlined above and aims to expand our knowledge regarding the impacts of 11 
ranaviruses on wild amphibian populations. Each proceeding chapter (with the 12 
exception of a review in chapter two, and the general discussion in chapter 13 
seven) addresses a different research question and each is written as a 14 
discrete manuscript with introduction, methods, results and discussion 15 
sections.  16 
Chapter 2 - Does disease induced assortative mating play an important 
role in population ecology? 
Previous work on R. temporaria in the UK suggests that populations infected 17 
with a ranavirus may develop an assortative mating pattern. The potential 18 
preferential mating of more genetically similar individuals is surprising given 19 
that increased genetic diversity is widely thought to be beneficial to 20 
populations existing within environments where adaptive potential is 21 
important. Indeed, population genetic diversity has been expressly shown to 22 
positively correlate with survival of ranaviral infection in frogs. In chapter two, I 23 
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review the literature relating to disease induced assortative mating, discussing 1 
in particular, its potential implications for populations and the mechanisms by 2 
which it may occur. I highlight empirical examples of instances of pathogen 3 
induced assortative mating but also draw attention to gaps in the existing 4 
research that may mean that its occurrence is currently under appreciated.  5 
Chapter 3 – Does originating from a population with a positive history of 
ranavirus affect the ability of R. temporaria to resistance ranaviral 
infection? 
Various evidence points to the fact that a prior history of an infectious disease 6 
can increase the resistance of a host to that disease. Here I use an 7 
experimental infection trial and quantitative polymerase chain reaction (qPCR) 8 
detection of individual pathogen burdens (viral loads) to investigate whether 9 
originating from a population with a prior disease history of ranavirosis 10 
impacts the ability of metamorphic R. temporaria to limit infections with a UK 11 
strain of FV3. The influence of individual body size on final attained viral loads 12 
(used as a measure of resistance to infection) is also considered. 13 
Chapter 4 – Does a positive disease history of ranavirosis alter the gene 
expression profiles of wild R. temporia populations? 
In this manuscript, I sequence the RNA of individuals from six populations of 14 
wild R. temporaria, three that have previously experienced ranaviral infection 15 
and three that have not. To overcome problems inherent with deep 16 
sequencing of tissue samples collected in the wild, I implement a read filtering 17 
technique used in clinical genomics that is novel in the context of ecological 18 
genomics. Interesting patterns of bacterial contamination between disease 19 
history population groups are identified and discussed in the context of the 20 
amphibian microbiome and disease. A de novo R. temporaria transcriptome is 21 
constructed and used to conduct differential expression analysis in an effort to 22 
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identify genes that are differentially expressed between R. temporaria 1 
populations with different disease histories. Genes identified as differentially 2 
expressed are discussed in the context of what is currently known about 3 
ranavirus pathology and immunology.  4 
Chapter 5 – Does originating from a population with a history of 
ranaviral infection change the structure of the amphibian skin 
microbiome? 
Based on the unforeseen bacterial findings of chapter 4. I here use 16S rRNA 5 
amplicon sequencing to begin exploring the relationship between ranaviruses 6 
and the wild amphibian skin microbiome. The skin microbial communities of 7 
more than 200 adult R. temporaria originating from five populations with a 8 
positive history of disease and five populations with no history of ranavirosis 9 
were classified. Bacterial species diversity and community structure was 10 
compared between individual populations and different disease history 11 
groups. I also investigated the influence of each frog’s sex, age and body size 12 
on the diversity and structure of bacterial communities detected on the skin. 13 
Key bacterial species represented in each disease history group are identified 14 
via indicator species analysis and discussed in the context of their ecology. 15 
Chapter 6 – Does a positive history of ranavirus alter the demographic 
structure and life history of infected R. temporaria populations? 
Evidence suggests that diseases can alter the demographic structure and life 16 
history strategies of their host populations. Here, I collect morphological 17 
measurements and toe clips from adult R. temporaria originating from five 18 
populations with a positive disease history of ranavirosis and five without. I 19 
calculate the age of each frog using skeletochronology, and the impact of 20 
ranaviral disease history on population age structure, the development of R. 21 
temporaria and the age at which the frogs reach sexual maturity is 22 
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considered. Additionally, I use population projection models to investigate the 1 
potential of changes to the population age structure to facilitate population 2 
declines and extinctions.  3 
Chapter 7 – Discussion and future directions 
Finally, in chapter 7 I consider the main findings of this thesis together in the 4 
context of relevant current knowledge and theory. I present some 5 
considerations for amphibian conservation and management and discuss how 6 
these findings can be expanded on in future work. 7 
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Abstract 
Wildlife diseases are emerging at a higher rate than ever before meaning that 1 
understanding their potential impacts is essential, especially for those species 2 
and populations that may already be of conservation concern. The link 3 
between population genetic structure and the resistance of populations to 4 
disease is well understood: high genetic diversity allows populations to better 5 
cope with environmental changes, including the outbreak of novel diseases. 6 
Perhaps following this common wisdom, numerous empirical and theoretical 7 
studies have investigated the link between disease and disassortative mating 8 
patterns, which can increase genetic diversity. Few however have looked at 9 
the possible link between disease and the establishment of assortative mating 10 
patterns. Given that assortative mating can reduce genetic variation within a 11 
population thus reducing the adaptive potential and long-term viability of 12 
populations, we suggest that this link deserves greater attention, particularly 13 
in those species already threatened by a lack of genetic diversity. Here, we 14 
summarise the potential broad scale genetic implications of assortative mating 15 
patterns and outline how infection by pathogens or parasites might bring them 16 
about. We include a review of the empirical literature pertaining to disease- 17 
induced assortative mating. We also suggest future directions and 18 
methodological improvements that could advance our understanding of how 19 
the link between disease and mating patterns influences genetic variation and 20 
long-term population viability. 21 
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Introduction 
One of the core tenets of conservation genetics is the need to maintain and 1 
manage genetic diversity at both local population and species wide levels. 2 
Often species of greatest conservation concern exist in small, isolated and 3 
fragmented populations which are directly associated with a loss of genetic 4 
diversity (Furlan et al. 2012). In turn this is known to reduce the evolutionary 5 
adaptive potential of a population, rendering it less capable of an evolutionary 6 
response to fluctuations in its environment (Willi, Van Buskirk & Hoffmann 7 
2006).  In a vicious cycle, those species which may be experiencing, or have 8 
experienced, a reduction in population size are those which are most 9 
endangered by further potential environmental stochasticity (McCallum & 10 
Dobson 1995). One such environmental fluctuation is the introduction of a 11 
new disease into an ecosystem.  12 
 
Currently zoonotic infectious diseases are emerging at an ever-increasing 13 
rate, and are more numerous than at any known prior point in history (Jones 14 
et al. 2008b). Diseases have been implicated in the global declines of 15 
numerous species, including those of great conservation concern, for example  16 
various diseases in Florida panther (Roelke et al. 1993), chytridiomycosis and 17 
ranavirosis in amphibians (Daszak et al. 1999; Green et al. 2002), various 18 
infective agents in Californian sea lions (Acevedo-Whitehouse et al. 2003), 19 
white-nose syndrome in bats (Blehert et al. 2009) and devil facial tumour 20 
disease in Tasmanian devils (Lachish et al. 2011).  Although current empirical 21 
evidence of disease alone causing local or global extinction is very limited 22 
(Smith et al. 2006), it is theoretically acknowledged as a possibility and 23 
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several potential risk factors have been identified. These include: i) a 1 
frequency dependent or vector borne transmission route (see box 1); ii) small 2 
or fragmented host populations; and iii) the presence of reservoir host species 3 
(De Castro & Bolker 2005). There are many examples of disease acting as a 4 
contributing cause of species or population extinction (Smith et al. 2009), and 5 
it is considered highly likely that the role of disease in extinctions is under 6 
appreciated in the current literature (Pedersen et al. 2007).  7 
 
The relationship between population genetic structure and population fitness, 8 
including susceptibility to disease, is well established (Sherman, Seeley & 9 
Reeve 1988; Burger & Lynch 1995; Lacy 1997; Altizer, Harvell & Friedle 10 
2003) and one of the fundamental determinants of a populations genetic 11 
diversity and structure is the mating pattern that it exhibits (Wright 1950). 12 
Numerous studies have investigated disassortative mating patterns that 13 
potentially increase the individual and population genetic diversity at immune 14 
related loci and how this increase in genetic diversity can potentially mitigate 15 
the impacts of disease. However, recent evidence suggests that an 16 
assortative mating strategy may be advantageous when a host is faced with a 17 
particularly virulent pathogen (Teacher et al. 2009a) or when homozygosity 18 
leads to greater resistance (Nuismer, Otto & Blanquart 2008). Indeed 19 
mathematical models suggest that the conditions under which disassortative 20 
mating can evolve appear to be more stringent than previously thought – 21 
occurring only when the costs associated with discrimination between 22 
potential mates are low and heterozygosity infers greater resistance to an 23 
infecting pathogen (Nuismer et al. 2008). 24 
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A comprehensive search of the current literature (ISI Web of Science, 1 
keywords:  assortative mating, mating pattern, disease, infection) revealed 2 
that to date, relatively few empirical studies have investigated the potentially 3 
important role that pathogens or parasites can have in establishing assortative 4 
mating patterns (Table 1). In this paper we outline the interaction between 5 
infection, mating patterns and population genetics, as well as summarise how 6 
non-random mating patterns may form in response to disease - including a full 7 
review of empirical evidence for disease-induced assortative mating, and 8 
highlight the potentially important broad scale genetic implications of 9 
assortative mating patterns. We ask whether methodological oversights in the 10 
scant previous research mean that the prevalence of infection induced 11 
assortative mating patterns has previously been underestimated, and suggest 12 
ways that this could be addressed in future work. 13 
Interactions between genetic diversity and disease 
Genetic diversity is the term used to describe the variety in genetic 14 
composition at a given ecological level, and can be discussed in terms of 15 
communities, species, populations and individuals. Across all levels the 16 
literature generally indicates that the higher the genetic diversity present, the 17 
better the chances of survival in the face of an environmental change. For 18 
example, individuals with high genetic variation are heterozygous at a large 19 
number of genetic loci. Increased levels of within individual genetic variation 20 
are desirable as low heterozygosity has long been associated with a number 21 
of conditions that negatively impact both fitness and survival (Charlesworth & 22 
Charlesworth 1987). The increased fitness of heterozygotes is most often 23 
attributed to the masking of deleterious recessive alleles by the presence of 24 
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another dominant allele, or the innate benefit derived from being 1 
heterozygous at specific loci, often termed heterozygote advantage or 2 
overdominance (Crow 1948). 3 
 
Similarly, a population with more genetically dissimilar individuals may 4 
experience lower vulnerability to extinction due to stochastic events or 5 
environmental change (Crow 1948; Burger & Lynch 1995; Lacy 1997). For 6 
example, a population with high genetic variation at immune genes has a 7 
higher chance of containing individuals that are resistant to novel infections, 8 
potentially mitigating the impact of an emergent pathogen or parasite 9 
(Woelfing et al. 2009). Further, diseases have been shown to spread more 10 
quickly (Altermatt & Ebert 2008) and infect more readily (Ganz & Ebert 2010) 11 
in less genetically variable populations due to a higher percentage of the 12 
population being susceptible to infection.  13 
 
The elevated fitness of more genetically diverse populations when faced with 14 
infection was first noticed in agricultural crops. The so called “monoculture 15 
effect”, where the intensive management of crops to improve yield results in 16 
decreased genetic diversity, is well known to heighten the susceptibility of 17 
plant populations to diseases (Zhu et al. 2000; Mundt 2002). The need to 18 
maintain between individual genetic variation to protect population genetic 19 
diversity is thought to be a reason behind the evolution of polyandry and 20 
polygyny in insect colonies (Sherman et al. 1988; Liersch & Schmid-Hempel 21 
1998) and is also sometimes cited as a possible reason for the maintenance 22 
of sexual reproduction itself (Hamilton, Axelrod & Tanese 1990). The 23 
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relationship between genetic diversity, disease susceptibility and disease 1 
spread has recently been thoroughly reviewed by King and Lively (2012) .  2 
 
We have seen how the genetic variability of an individual or population can 3 
influence a host’s ability to cope with a disease outbreak. However, disease 4 
can also influence the genetic variability of its host in a number of ways. 5 
Population bottlenecks caused by a disease outbreak can result in 6 
substantially lowered host genetic diversity. Even in the absence of high 7 
mortality the genetic constitution of subsequent generations of populations 8 
can be influenced by infection. For example, reproductive fitness can be 9 
harmed both directly by the infective agent and/or by the costs imposed by the 10 
host’s own immune defences. Disease may impact upon an individual’s ability 11 
to produce offspring, e.g. by sterilisation (Givens & Marley 2008) and 12 
increased investment in immunity can result in reduced investment in other 13 
fitness related traits (Lochmiller & Deerenberg 2000). Changes such as a 14 
reduction in brood size (Poulton & Thompson 1987) and decreased offspring 15 
survival (Bonneaud et al. 2003) may also occur in individuals that carry a 16 
pathogen burden. 17 
Mating patterns, genetic structure and disease 
One less considered way that disease can influence the genetic diversity of its 18 
host is through causing direct or indirect changes to the host’s mating system. 19 
The pattern in which matings are distributed in a population is a key- 20 
contributing factor in determining the stability of a population’s genetic 21 
structure. The mating patterns of sexually reproducing organisms can be 22 
grouped into one of three broad categories: random, assortative and 23 
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disassortative mating (Wright 1921).  Box 2 outlines more information on 1 
these patterns and on the basic principles of the relationship between mating 2 
pattern and population genetic structure.  3 
 
Disease can cause the establishment of non-random mating patterns in a 4 
number of ways. Firstly, non-random mating patterns can be maintained via 5 
an active choice bias from one or both sexes in favour of either more similar 6 
or more different partners. This relies on the ability to read phenotypic clues of 7 
a potential partner’s genotype, that is to say, that there is a detectable cue 8 
upon which to base mate choice. Such mate choice behaviour in response to 9 
disease is a key mechanism of sexual selection (Hamilton & Zuk 1982). 10 
Discrimination against diseased or low quality mates can result in direct 11 
benefits to the choosy sex, including increased availability of resources (via 12 
pairing with a mate better able to compete for them), higher levels of parental 13 
care (Reynolds & Gross 1990), and the direct evasion of infection by avoiding 14 
association with infected individuals (Borgia 1986). The Hamilton Zuk 15 
hypothesis (1982) suggests that showy secondary sexual characteristics 16 
demonstrate an absence of significant parasitic burden and that choosy 17 
individuals may be seeking out mates with advantageous, possibly resistant, 18 
genes to confer a fitness advantage on their offspring. Mate choice may lead 19 
to both assortative and disassortative mating patterns (see sections below). 20 
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Box 1 – Ordinary (OTD) and sexually (STD) transmitted diseases. 
It is not always clear whether a pathogen is an OTD or a STD and there are 
several examples where the same pathogen can be transmitted by either route 
(Smith & Dobson 1992). The route that serves a pathogen best is determined by 
the structure of the population that it is infecting. OTD transmission is in most 
cases limited by the density of a population. Transmission via air, general contact 
or faecal-oral ingestion etc. are more likely to be transmitted between individuals 
existing at higher densities. STDs and those transmitted via a vector are more 
likely to have a frequency dependent transmission route. This is not limited by the 
density of the population, but by the frequency of infected individuals within the 
population and the success of those individuals to obtain matings (in the case of 
STDs). As such, STDs are able to persist within a population at lower densities 
(Lockhart et al. 1996). It should be noted that the traditional density vs frequency 
dependent transmission dichotomy assumes that the contact networks of a 
population are homogeneous, i.e. each individual is as likely to contact any other 
individual. In reality this is rarely the case and this can lead to a less obvious 
optimum transmission route (Bansal, Grenfell & Meyers 2007). It is currently 
theorised that frequency dependent diseases pose the greatest conservation 
threat. Ordinary, density dependent diseases that cause high mortality will reduce 
the population density to such a level that their transmission is hindered and the 
pathogen itself will become locally extinct before the host population (Smith et al. 
2009). Frequency dependent transmitted diseases do not reach such a threshold 
and therefore have the potential to drive a species extinct. The selection 
pressures on hosts for characteristics such as high genetic variation, effective 
immunity or avoidance will be similar for both OTD and STD (Lockhart et al. 
1996). However, because frequency dependent diseases like STDs require their 
host to successfully infect other individuals, there is a greater pressure on them to 
remain undetectable. For example STDs that are overly virulent and cause 
obvious loss of condition or competiveness in their host are less likely to be 
transmitted (Knell & Webberley 2004). It is therefore less likely that frequency 
dependent diseases will lead to the establishment of non-random mating patterns, 
as they are often less virulent and possess a longer latent stage during which time 
they can be transmitted to but not easily detected by other reproductive members 
of a population. STDs are touted as a possible cause for the evolution of 
monogamy (Aral & Leichliter 2010; Bauch & McElreath 2016), however 
mathematical models have shown that the relationship between STDs and mating 
systems is more complex and that the optimal mating strategy depends on many 
factors (Thrall et al. 1997). STDs may also influence mating systems by altering 
host behaviour towards promiscuity (Lockhart et al. 1996) or increasing the 
attractiveness of infected individuals (Thrall et al. 1997). 
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Box 2 – How mating patterns influence genetic diversity 
	
One measure of a population’s genetic variation is the number of heterozygotes 
that it contains. The number of heterozygotes in a population is not static and is 
dependent on a number of factors, one of which is the mating pattern. The 
following is a simplified overview of how mating patterns can affect the genetic 
diversity of a population. It should be noted that mating patterns are themselves 
subject to selection and form only a part of the potentially complex mating system 
of a population, which may also depend on criteria such as sex ratios, relative 
reproductive output and differential parental investment between the sexes (See; 
Emlen and Oring 1977; Shuster 2009 for more detail). Whole mating system 
evolution occurs over a far extended time scale to the potential population genetic 
changes seen in response to disease.  
	
	
	
Random mating assumes no mating preference at all – this is a core assumption 
of Hardy-Weinberg Equilibrium. Over time the numbers of heterozygotes within a 
population remain roughly stable. 
 
Assortative mating patterns occur when individuals that have a particular allele 
at a given locus will be more likely to mate with other individuals that also possess 
that allele. There is an elevated chance that offspring will be homozygous for that 
allele. The number of heterozygotes within a population decreases over time. 
 
Disassortative mating patterns are the exact opposite of assortative mating in 
that an individual that does not possess a particular allele is more inclined to mate 
with an individual that does. There is a greater chance that progeny will be 
heterozygous at that locus, and between generations genetic diversity increases. 
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Even in the absence of overt mate choice bias, an individual's chance of 1 
obtaining matings can be hampered by phenotypic changes resulting from 2 
infection such as a reduction in body size (Olsson 1993) or degradation of 3 
secondary sexual ornamentation (Houde & Torio 1992) that may make 4 
individuals less competitive. The erosion of quality in such fitness related traits 5 
can also result in the formation of non-random mating patterns simply 6 
because those individuals susceptible to disease are less able to secure 7 
matings than those free from infection. 8 
 
In the following section we will consider empirical examples of how disease 9 
induces shifts in mating patterns away from random mating. Since review 10 
papers on disease and disassortative mating are relatively plentiful we briefly 11 
summarise the links between disease and disassortative mating, while 12 
focusing our attention on a more thorough review of the empirical literature 13 
pertaining to disease induced assortative mating.  Perhaps due to differing 14 
selection pressures (see Box 1), empirical evidence from sexually transmitted 15 
infections (STIs) resulting in the formation of assortative mating patterns is 16 
lacking. As such, the case studies presented below do not include any 17 
examples where the infective agent is exclusively sexually transmitted. 18 
Disease induced disassortative mating 
Much of the literature that examines the links between disease and mating 19 
patterns focuses on disassortative mating. Disassortative mating is thought to 20 
represent an adaptive response to the presence of diseases because it 21 
increases the genetic diversity within offspring, thus there is an increased 22 
likelihood that at least some members of the next generation will possess a 23 
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genotype that confers resistance to established or novel pathogens. Infecting 1 
organisms are less likely to be adapted to successfully infect individuals that 2 
harbour rare alleles, so exposure to infections may result in a selection 3 
pressure on the host that favours rare alleles (Borghans, Beltman & De Boer 4 
2004). Similarly, mating for diversity when under attack by a pathogen or 5 
parasite may provide additional advantages to hosts by providing a non-static 6 
genome for pathogens to evolve against (Potts, Manning & Wakeland 1994), 7 
helping to keep the host one step ahead of its pathogen or parasite in the 8 
evolutionary “arms race”, an example of the Red Queen Hypothesis (Jaenike 9 
1978). 10 
 
It is well known that immune genotype and associated chemo-olfactory cues 11 
can influence mate choice and therefore major histocompatibility complex 12 
(MHC) mediated disassortative mating has been reviewed in detail more than 13 
once (e.g. Jordan & Bruford 1998; Penn & Potts 1999). The MHC (a collection 14 
of genes that are integral to the vertebrate immune system’s ability to deal 15 
with pathogens (Trowsdale 1993) has been linked to disassortative mate 16 
choice in many different species (Jordan & Bruford 1998; Freeman-Gallant et 17 
al. 2003; Huchard et al. 2010; Eizaguirre et al. 2011). An individual’s MHC 18 
genotype is often advertised by pheromones (Wedekind et al. 1995) but it has 19 
also been shown that humans may be able to infer MHC compatibility in a 20 
partner by appearance (Roberts et al. 2005). Mating for diversity at the MHC 21 
may have evolved as a mechanism to reduce inbreeding in populations and to 22 
boost the genetic diversity of progeny (Potts & Wakeland 1993). Many 23 
organisms select mates based on a pheromone profile that is different from 24
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that associated with their immediate relatives or other individuals encountered 1 
early in their lives (Penn & Potts 1998).  2 
Disease-induced assortative mating 
Despite the apparent prevalence of disassortative mating patterns based 3 
upon MHC genotype, it has been suggested that when a population is subject 4 
to a particularly virulent or persistent pathogen, assortative mating for a 5 
favourable genotype may be a more effective response.  6 
 
Assortative mating based upon the MHC is proposed as a potential 7 
explanation for observed changes in the population genetics of European 8 
common frog (Rana temporaria, IUCN least concern). Microsatellite 9 
genotyping of wild populations that were either under infection or free from a 10 
lethal viral pathogen (ranavirus) revealed that infected populations undergo a 11 
loss of genetic variation but do not show signs of inbreeding. This is indicative 12 
of an assortative mating pattern (Teacher et al. 2009a). The same populations 13 
also show signs of directional selection at the MHC (Teacher et al. 2009c) 14 
suggesting that the MHC could act as a basis for assortative mate choice. 15 
Globally, ranaviruses have been implicated in the declines of many species of 16 
amphibians, fish and reptiles (Cunningham et al. 1996; Whittington et al. 17 
2010; Marschang 2011), including some of conservation concern, like the 18 
dusky gopher frog (Sutton et al. 2014). Ranaviruses are considered such a 19 
threat to wildlife that the World Organisation for Animal Health has classified 20 
the type species, Frog virus 3, as a notifiable disease. If the changes in 21 
mating systems observed in R. temporaria are seen in other species, the 22 
threat of ranaviruses to population viability may be greater than currently 23 
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understood. Reduced genetic diversity within populations brought about by 1 
assortative mating patterns could make populations more vulnerable to future 2 
ranaviral outbreaks and other diseases or stochastic events.  3 
 
Visual cues such as colour intensity are often used to infer a potential mate’s 4 
disease status. Behavioural studies conducted on Poeciliid fish offer good 5 
examples of how choosy individuals discriminate against infected potential 6 
partners. In the Trinidadian guppy (Poecilia reticulata, not Red List assessed), 7 
mate choice can be influenced by the strength of carotenoid pigmentation in 8 
male fish. Males that had been exposed to the parasite Gyrodactylus turnbulli 9 
had significantly reduced orange colour intensity and appeared duller. 10 
Females that were given a choice between uninfected and infected males in a 11 
laboratory trial were found to preferentially mate with uninfected males 12 
(Houde and Torio 1992). Colour has also been shown to be an important 13 
indicator of pathogen burden and a trait for mate choice selection in birds 14 
(Sundberg 1995).  15 
 
Such discrimination against infected individuals may at first glance seem to 16 
benefit a population that is experiencing infection. Avoiding contact with 17 
infected individuals will lower pathogen transmission and the number of 18 
individuals that are susceptible to infection in subsequent generations is likely 19 
to reduce due to the increased mating success of individuals resistant to 20 
infection. However, with the exception of some sex specific infections, it is 21 
likely that both sexes within a population will be infected simultaneously. 22 
Assortative mating patterns based upon susceptibility to infection can 23 
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therefore form due to a loss of preference for healthy mates by the choosy 1 
sex when they themselves are infected (Poulin & Vickery 1996). In such 2 
situations, diseased or susceptible individuals are not prevented from mating 3 
entirely but instead will mate with other susceptible individuals, creating pairs 4 
based upon susceptibility to infection. In instances where infection rates are 5 
high among a population and the heritability of resistance to the infecting 6 
agent is high, the potential for subsequent change in the population genetic 7 
structure of a population is high. Empirical evidence for such scenarios again 8 
comes from behaviour observed in female Trinidadian guppies (P. reticulata) 9 
infected with G. turnbulli. In laboratory mate choice trials both infected and 10 
naïve focal females were given a choice between an infected and a naïve 11 
male. Infected females spent significantly more time soliciting mating attempts 12 
from the infected males, which suggests a loss of choosiness due to their own 13 
infection status (López 1999). Although P. reticulata is unevaluated by the 14 
IUCN, a number of its congeners, including the sulphur molly (P. sulphuraria) 15 
and the broad spotted molly (P. latipunctata) are listed as critically 16 
endangered. The evaluation of potential mating pattern changes in these 17 
species could form a useful part of their conservation strategy. A similar loss 18 
of choice in infected individuals has also been observed during empirical 19 
studies on wild turkeys (Meleagris gallopavo, IUCN least concern) infected 20 
with a coccidian species (Buchholz 2004) and male pipefish (Syngnathus 21 
typhle, IUCN least concern) infected with a Cryptocotyle trematode (Mazzi 22 
2004).  23 
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Pairs based on the resistance or susceptibility to an infecting pathogen or 1 
parasite can be formed in a number of additional ways. In the absence of 2 
explicit choice for healthy mates, assortative mating can occur by a direct loss 3 
of reproductive fitness in both sexes of a population concurrently. Infection by 4 
blood parasites of the genus Haemoproteus resulted in a reduction in fitness 5 
of red backed shrike (Lanius collurio, IUCN least concern). Infected female 6 
shrikes arrived later to the wild breeding sites than uninfected females. 7 
Infected males displayed larger melanin spots on their tails, which act as an 8 
honest signal of parasite load and male quality, allowing females to choose 9 
mates of the highest possible quality. The authors found an assortative 10 
pattern of pair formation in regard to infection status. This was suggested to 11 
be the result of the infected females arriving late to the breeding sites when 12 
only the low quality infected males were still unpaired (Votýpka, Šimek & 13 
Tryjanowski 2003). 14 
 
Delayed time of breeding was also observed in the pied flycatcher (Ficedula 15 
hypoleuca, IUCN least concern but decreasing population trends) during field 16 
studies. Males infected with Trypanosoma species arrived later to the 17 
breeding sites than uninfected males and were found to be in poorer general 18 
condition as judged by morphometric measures of quality such as wing 19 
feather length. It is again suggested that the late arriving, low quality males 20 
will compete for low quality females as those of higher quality will have 21 
already formed pairs (Rätti, Dufva & Alatalo 1993), again resulting in the 22 
possible formation of pairs assortative for susceptibility to disease. 23 
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Pathogens and parasites can also in some cases directly manipulate the 1 
behaviour of their host. Such behavioural manipulation can result in infected 2 
individuals no longer being able to mate with uninfected individuals within a 3 
population. This is especially true of multicellular parasites, which will often 4 
modify the behaviour of their intermediate host to make them more vulnerable 5 
to predation by their ultimate host, facilitating transfer. A good example of this 6 
is seen in the amphipod Gammarus insensibillis (not IUCN assessed) that is 7 
often subject to heavy parasitism from the trematode Microphallus 8 
papillorobustus. Thomas et al. (1995) demonstrated that a strong bias for 9 
infected individuals to pair together exists in parasitised populations. This is 10 
suggested to be the result of a direct behavioural change brought about by 11 
the parasite which forces infected individuals to reside much higher in the 12 
water column, where predation is much more likely. Uninfected individuals 13 
remain at lower depths so opportunities for individuals of differing infection 14 
status to pair are reduced.  15 
 
Under such assortative mating patterns, variation in heritable resistance to 16 
infection will be lost due to a rise in the number of individuals with 17 
homozygous genotypes for either resistance or susceptibility. If the infection is 18 
lethal then susceptible individuals could be lost entirely from the population. 19 
The decrease in susceptible individuals will negatively impact the spreading 20 
potential of the parasite or pathogen infecting the population thus increasing 21 
host viability in the short term (King & Lively 2012). However, the reduction of 22 
diversity in immune genotype will render the population more susceptible to 23 
novel diseases in the future (O’Brien & Evermann 1988; Spielman et al. 24 
 48 
2004). The reduced diversity will also lower the adaptive potential of a 1 
population in response to other environmental changes (Burger & Lynch 2 
1995; Lacy 1997). As such, disease-induced assortative mating should be of 3 
particular interest to those studying the conservation of endangered species in 4 
the face of environmental change. 5 
Gaps in the existing research 
As discussed above, the long-term implications for populations affected by 6 
assortative mating could be profoundly negative and as such we think this to 7 
be an important area of study that warrants further and renewed empirical 8 
research effort. In this section we review gaps in existing research literature, 9 
some of which could mean that the frequency of occurrence of disease- 10 
induced assortative mating and the threat posed to vulnerable species could 11 
currently be underestimated. 12 
A need to investigate the impact of disease on both sexes 
There are examples in the literature that demonstrate how the apparent 13 
impact of an infection upon a mating system can vary based upon which sex 14 
is the focal animal of a study. Female Trinidadian guppies were explicitly 15 
shown by Houde and Torio (1992) to preferentially solicit matings from 16 
unparasitised healthy males. However it was then shown by Lopez (1999) that 17 
females who were themselves parasitised lacked the choosiness of their 18 
uninfected counterparts. While the findings of Houde and Torio suggest 19 
directional selection under infection in favour of healthy males, when these 20 
two studies are considered together it is clear that infection could result in the 21 
formation of potentially damaging assortative mating patterns, i.e. healthy 22 
females still discriminate in favour of healthy males, and unhealthy individuals 23 
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mate with each other. This could result in population genetic changes similar 1 
to those seen by Teacher et al. (2009a) in R. temporaria. 2 
 
A further example is seen in literature pertaining to the shrimp Gammarus 3 
pulex. Poulton and Thompson (1987) showed that male mate choice was 4 
significantly influenced by the parasitic load of females. It was later observed 5 
by Bollache et al. (2001) that the parasitic load of males themselves dictated 6 
their likelihood of obtaining preferred matings. Again, the Poulton and 7 
Thompson findings suggest selection against infected females, however when 8 
taken together the two studies are suggestive of assortative mating brought 9 
about by a loss of fitness in both sexes when under infection.  10 
 
These two examples make it clear that to fully understand how a pathogen 11 
affects the mating ecology of a population it is imperative to study the impact 12 
that it has on both sexes. At present, few species have received investigation 13 
into how infection influences the mating behaviours of both sexes and 14 
therefore there is potential that assortative mating patterns may be more 15 
prevalent than the current literature suggests. 16 
A lack of non-laboratory study systems 
In their review of MHC disassortative mating, Penn and Potts (1999) suggest 17 
that the inferences that can be drawn from mating behaviours in laboratory 18 
experiments are limited. The manipulation of an organism’s surroundings and 19 
environment take any observed behaviours out of context and as such 20 
extrapolation of results into wild populations could be considered spurious. 21 
This viewpoint is supported by Fisher et al. (2015), who following their 22 
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comparative field and laboratory experiments into boldness behaviours in wild 1 
crickets found that behavioural measurements were not replicable between 2 
the two theatres of observation.  3 
 
Further issue has been found with laboratory-based mating experiments in 4 
that they often utilise a dichotomous design, where focal animals are given a 5 
direct choice between just two stimulus animals (Wagner 1998). In many 6 
species such a stark choice of mates is rarely the case (Buchholz 2004; 7 
Nelson et al. 2013). There is little cost to a choosy individual when the choice 8 
is between two often widely disparate individuals in a uniform setting such as 9 
a mate choice tank. In the wild, choices are often based on several criteria 10 
and will often be in competition with other “choosers”, making choosiness far 11 
more costly (Alatalo, Carlson & Lundberg 1988). It has also been found that 12 
observed preference of a choosy sex for one focal animal over another does 13 
not translate into differences in the reproductive fitness of the two stimulus 14 
animals (Zala et al. 2015).  15 
 
Despite these shortcomings, the majority of studies in the field of infection 16 
induced assortative mating rely only on data collected in the laboratory (Table 17 
1). Reasons for conducting laboratory work are many; observation of mating 18 
behaviours is often easier under laboratory conditions and it is also often less 19 
labour intensive and cheaper than fieldwork that seeks to answer similar 20 
questions. Laboratory studies also allow for hypotheses to be tested directly 21 
by the control and manipulation of experimental variables. However, it is clear 22 
that an over reliance of laboratory studies when looking into the impact of 23 
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pathogens on mating systems may lead to its importance in the wild being 1 
misunderstood. In addition, species of conservation concern are inherently 2 
less likely to be studied due to restrictions on collection for laboratory 3 
experiments. In light of this, future effort should seek to utilise or incorporate 4 
field-based systems wherever possible.  5 
 
The current field based literature comes from either avian or gammarid 6 
systems. Birds often pair up and remain on nests for an extensive breeding 7 
season, display parental care and can easily be identified using ringing 8 
techniques, meaning that reproductive fitness can be measured directly by 9 
brood size/fledgling success. Gammarid shrimp species, though aquatic, 10 
occur in shallow water and display prolonged breeding behaviours such as 11 
mate guarding, which are easily observed in the field to infer mate preference. 12 
The number of eggs laid can again be used as a measure of reproductive 13 
fitness. As such, these systems lend themselves more easily to field based 14 
research than do others. Advances in technology that are being used in other 15 
areas of behavioural research offer opportunities for improving experimental 16 
designs to allow them to more closely resemble wild conditions. For example, 17 
breeding populations of many species could be more accurately recorded by 18 
using technology (Sumner et al. 2007) or software (Green et al. 2012) capable 19 
of tracking the movement and association patterns of multiple animals 20 
independently over an extended period, allowing the inclusion of several focal 21 
and stimulus animals in each trial. 22 
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In the wild, populations may be subject to infection by multiple different agents 1 
at any one time (Petney & Andrews 1998). Laboratory research allows for the 2 
exclusion of infective agents that are not of interest. If studying the impact of 3 
particular pathogen on a population makes the use of wild study systems 4 
intangible, then the use of more elaborately designed enclosures or 5 
mesocosms that more realistically mimic the habitat of the focal species 6 
should be considered. A good example of such a system has been utilised in 7 
the study of infection and mating patterns in mice in very large enriched 8 
enclosures (Nelson et al. 2013; Zala et al. 2015). Another option would be to 9 
increase the use of field systems that are monitored over long periods of time 10 
for presence/absence of disease. The use of such systems allow for the 11 
selection of study populations of known infection status, meaning that infected 12 
vs. uninfected “treatment” groups can be incorporated into the study design. 13 
The UK based system for the study of amphibian disease is a good example 14 
of such a system (see Teacher et al. 2009a; Teacher et al. 2009b; North et al. 15 
2015; Price et al. 2015) and similar efforts are also being made in response to 16 
Devil facial tumour disease in Tasmania (Coupland & Anthony 2007). 17 
Although the formation of such study systems in remote or less well populated 18 
areas would require greater expenditure in terms of research effort and 19 
finance, the degree to which they allow for comparative studies between 20 
populations of differing, known disease histories to be performed should  21 
warrant them due consideration. 22 
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 1 
2 
Table 1:  A summary of the empirical case studies of disease induced assortative mating presented here. Papers were gathered from ISI Web of 
Science using the keywords: assortative mating, mating pattern, infection, disease. 
Pathogen species Host species Laboratory Field Paper 
Gyrodactylus turnbulli Poecilia reticulata R  Houde & Torio (1992) 
Pomphorhyncus laevis Gammarus pulex R  Poulton & Thompson (1987) 
Pomphorhyncus laevis + P. minutus G. pulex R R Bollache et al. (2001) 
Polymorphus paradoxeus + P. marillis Gammarus lacustris R R Zohar and Holmes (1998) 
Various (mainly Haemoproteus lanii) Lanius collurio  R Votypka et al. (2003) 
Trypanosoma sp. Ficedula hypoleuca  R Ratti et al. (1993) 
Microphallus papillorobustus Gammarus insensibilis  R Thomas et al. (1995) 
Coccidiasina sp. Meleagris gallopavo R  Buchholz (2004) 
G.turnbulli P. reticulata R  Lopez (1999) 
Crytocotyle sp. Syngnathus typhle R  Mazzi (2004) 
Ormia ochracea Gryllus lineaticeps R  Beckers and Wagner (2013) 
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The co-evolutionary perspective 
The co-evolution of hosts and parasites plays a large role in how a population 1 
or species copes with an infection. For example, populations may be less 2 
resistant to non-locally occurring isolates of the same pathogen that normally 3 
infects them (Ridenhour & Storfer 2008). This suggests that a co-evolutionary 4 
history allows host and pathogen to accumulate adaptions that better enable 5 
them to counter the defences of the other, leading to an eventual equilibrium. 6 
Little attention however has been given expressly to the co-evolutionary 7 
interactions between host mating pattern and the pathogens with which they 8 
can be infected. According to Borgia’s parasite avoidance hypothesis (Borgia 9 
1986), changes to a mating system, particularly those based on a choice 10 
biased against infected individuals, will result in a decreased spread of 11 
pathogens that are especially virulent and incapacitate or maim their host to a 12 
such a degree that they are easily selected against. This applies a selection 13 
pressure on the pathogen towards lower virulence, so as not to impact the 14 
reproductive potential of the host too greatly. Supporting evidence for this 15 
comes from recent modelling work that suggests for the first time that all 16 
interactions between pathogens and host mating systems should be viewed 17 
as entirely co-evolutionary (Ashby & Boots 2015). This is a sea change in our 18 
understanding of how diseases impact their host mating systems and 19 
presently co-evolutionary interactions are not widely incorporated into 20 
epidemiological models of disease spread.  21 
 
To date, there is a lack of empirical appraisal of this theory. Addressing this is 22 
potentially critical for fully understanding the conservation implications of 23 
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disease induced assortative mating. Future work should make a concerted 1 
effort to evaluate the true impact of disease induced shift in population mating 2 
ecology by combining the disciplines of evolutionary biology, behavioural 3 
ecology and epidemiology - not only studying how infection can affect host 4 
mating biology, but also how the disease-induced changes to mating biology 5 
can impact on the spread of the causative pathogen. The inclusion of 6 
additional variables into experimental designs such as both a local and non- 7 
local pathogen strain, or host and pathogen samples taken at different time- 8 
points over a long-term study, would allow for the exploration of co- 9 
evolutionary dynamics in the establishment of assortative mating patterns. 10 
Experimental exploration of the effect of assortative mating patterns on the 11 
spread of disease would require more complex methodological approaches 12 
but could potentially be achieved using model systems with short generation 13 
times, existing within mesocosms. Such systems have been used to study the 14 
impact of genetic diversity on disease transmission in insects (Liersch & 15 
Schmid-Hempel 1998; Hughes & Boomsma 2004). The expansion of these 16 
systems to incorporate vertebrate species would require significant 17 
experimental effort but is by no means impossible and would undoubtedly 18 
prove extremely useful in advancing knowledge in this study area. 19 
A need to investigate species of conservation concern 
All the focal species of empirical case studies presented in this review are 20 
listed by the IUCN as “Least Concern” or are unevaluated. Given the growing 21 
number of cases where threatened species are subjected to infectious 22 
diseases (Lyles & Dobson 1993; Roelke et al. 1993; Acevedo-Whitehouse et 23 
al. 2003; Spielman et al. 2004) understanding the impact of infection mediated 24 
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assortative mating patterns on the genetics of vulnerable species is 1 
paramount. Knowledge of how the mating patterns of threatened species are 2 
impacted by infectious disease should be considered important information for 3 
conservation when evaluating all the potential threats that a species faces. 4 
The experimental exploration of such patterns in endangered species 5 
warrants special importance but must also be treated sensitively. As we have 6 
stated above, much of the empirical work in this area is laboratory based. In 7 
the absence of established captive breeding programmes this requires the 8 
removal of animals from the wild for use in controlled experiments. This is 9 
obviously undesirable in species where wild population numbers are already 10 
under threat. The establishment of controlled, wild field systems as mentioned 11 
above is one possible solution to this problem. As is the extrapolation of 12 
findings from a non-threatened closely related species to the threatened 13 
species of interest, provided their ecology is known to be broadly similar. The 14 
deliberate infection of endangered species for laboratory studies also raises 15 
additional ethical concerns meaning that field based study systems not 16 
requiring experimental infections should be utilised exclusively if possible. 17 
Conclusion 
Assortative mating, be it by active mate choice or passive changes to 18 
competitiveness, can benefit a population by allowing faster adaptation 19 
against pathogens and parasites that are particularly virulent and persistent 20 
within an environment. It can however result in a loss of genetic diversity from 21 
the population at large. Reduced genetic diversity is well known to increase 22 
the vulnerability of populations to environmental stochasticity (Willi et al. 23 
2006). Species that are of great conservation concern have often been shown 24 
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to be at increased risk of disease due to their already depleted genetic 1 
diversity (Roelke et al. 1993; Siddle et al. 2007; McCallum 2008; Lachish et al. 2 
2011). The potential for the establishment of assortative mating patterns 3 
means that diseases may reduce the genetic diversity within an infected 4 
population, even when mortality or impacts on individual fecundity are low. It 5 
is therefore possible that through the establishment of assortative mating 6 
patterns, the conservation threat posed by infectious disease may be greater 7 
than currently acknowledged. While the implications of disease-induced 8 
assortative mating are significant, there is a dearth of appropriate empirical 9 
research into the phenomenon, which may be more common than currently 10 
realised (Nuismer et al. 2008). A number of factors including some of human 11 
influence mean that there are more new diseases emerging now than ever 12 
before (Jones et al. 2008b). The increasingly regular emergence of new, 13 
highly virulent diseases (Cunningham et al. 1996; Daszak et al. 1999; 14 
McCallum 2008; Blehert et al. 2009) means that it is vital that we apply 15 
modern techniques and renewed interdisciplinary research effort to 16 
understanding how these new diseases may affect host-breeding biology. 17 
Empirical evaluation of disease-induced assortative mating is particularly 18 
pressing in those species of greatest conservation concern which are 19 
subjected to infectious diseases and may require further or altered 20 
management as a result. 21 
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Chapter 3: Does originating from a population 
with a positive history of ranavirus affect the 
ability of R. temporaria to resist ranaviral 
infection? 
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Abstract 
Ranaviruses are responsible for one of the most widespread and deadly of 1 
the catalogue of amphibian diseases. Evidence has shown that prior exposure 2 
to ranaviruses increases resistance to infection in North American amphibian 3 
populations. Additionally, previous evidence suggests that ranaviruses have 4 
caused population crashes and are exerting selective pressure on genetic loci 5 
related to the immune system in populations of UK European common frogs 6 
(R. temporaria). This experiment aimed to assess whether originating from a 7 
population that has undergone such selection results in the ability of 8 
metamorphic R. temporaria to more effectively resist infection with a 9 
ranavirus. Using an experimental infection framework and pathogen burden 10 
(viral load) as a measure of host resistance we found that individual body 11 
size, but not disease history of population of origin is correlated with early 12 
infection resistance in UK R. temporaria. This suggests that previous history 13 
of ranaviral infection in UK R. temporaria populations may not increase 14 
resistance, potentially explaining the unusually high susceptibility of R. 15 
temporaria to ranavirus infection and the recurrence of the ranavirus related 16 
mass mortality events in UK R. temporaria populations.  17 
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Introduction 
Infectious diseases are emerging at a higher rate than at any prior point in 1 
history (Jones et al. 2008b) and pose a threat to human, wild and domestic 2 
animal health (Daszak et al. 2000). Interactions between hosts and pathogens 3 
are complex, co-evolutionary (Anderson & May 1982; Ashby & Boots 2015) 4 
and modulated by many factors including: route of transmission (Smith & 5 
Dobson 1992), host population density (Lockhart, Thrall & Antonovics 1996), 6 
pathogen virulence (the amount of damage done to the host by a pathogen; 7 
Masri et al. 2015), host-pathogen co-evolution (Schock et al. 2009) and host 8 
body condition (Sparkman & Palacios 2009).  9 
 
A fundamental requirement for individuals and populations to persist in the 10 
presence of virulent infecting pathogens is that some immunological 11 
mechanism of coping with the pathogen must exist. Such mechanisms fall 12 
under two broad categories; those which allow an individual to better cope 13 
with the deleterious effects of an increased pathogen burden (tolerance) and 14 
those which limit the pathogen burden imposed on an individual by an 15 
infection or allow for its rapid and efficient clearance (resistance; Boots & 16 
Bowers 1999). The mechanisms that fall into the resistance category can also 17 
be further subdivided into qualitative (hosts are entirely unable to become 18 
infected) or quantitative (hosts can become infected but exhibit reduced 19 
pathogen burden or associated pathology) forms of resistance (Gandon & 20 
Michalakis 2000). Infection with a pathogen that possesses low levels of 21 
virulence is more likely to be successfully blocked by the host immune system 22 
and so qualitative mechanisms of resistance should be favoured by selection. 23 
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However, pathogens with comparatively high virulence are likely to be able to 1 
infiltrate their hosts regardless of an immune response so quantitative 2 
mechanisms of resistance that limit pathogen burden or its impacts following 3 
infection are a more typical host response (Gandon & Michalakis 2000; Sepil 4 
et al. 2013).  5 
 
Pathogens often possess a certain degree of host specificity, so a given host 6 
is likely to be resistant to most species of pathogen (Antonovics et al. 2013). 7 
However, when encountering a pathogen that is capable of infecting them 8 
hosts are more likely to possess a degree of resistance or tolerance to a 9 
pathogen with which they share a co-evolutionary history (Bonneaud et al. 10 
2006; Storfer et al. 2007; Schock et al. 2009). The degree of resistance or 11 
tolerance to a single pathogen varies between susceptible species (in the 12 
case of multi-host pathogens; Hoverman et al. 2010; Searle et al. 2011; Sepil 13 
et al. 2013) and populations of the same species (Schock et al. 2009; 14 
Bonneaud et al. 2011). However, resistance to novel infecting pathogens can 15 
develop quickly in wild animal populations(Kerr & Best 1998; Bonneaud et al. 16 
2011). Resistance can also vary between individuals (Hoverman et al. 2010; 17 
Sepil et al. 2013) and life history stages (Duffus et al. 2013) of the same 18 
species or population. Such variation is thought to have several origins 19 
including; genotype (Sorci, Møller & Boulinier 1997), maternal effects (the 20 
environment experienced by the mother of an organism impacting on its 21 
phenotype; Boots & Roberts 2012; Garbutt et al. 2014; Clark et al. 2017) and 22 
individual body size or body condition (Carey et al. 2006; Garner et al. 2009; 23 
Sparkman & Palacios 2009; Searle et al. 2011). A growing body of evidence 24 
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acknowledges that poor body condition or smaller body size can be a 1 
predictor of resistance to, as well as a consequence of, infection 2 
(Beldomenico & Begon 2010).  3 
 
Amphibians are perhaps the group of vertebrates most threatened by 4 
emerging infectious disease (Daszak et al. 1999) and their populations are 5 
continuing to decline worldwide (Wake & Vredenburg 2008). One of the most 6 
widespread and deadly of the amphibian diseases is ranavirosis, which is 7 
caused by viral pathogens belonging to the genus Ranavirus (Cunningham et 8 
al. 1996; Green et al. 2002). Ranaviruses are globally distributed and have 9 
been found to infect and kill amphibians and other ectothermic vertebrates on 10 
every continent except Antarctica (Duffus et al. 2015). Gross pathology 11 
includes severe dermal lesions (Balseiro et al. 2009) and internal 12 
haemorrhaging (Cunningham et al. 1996) which are often fatal. Mass mortality 13 
events due to ranavirosis are common within infected populations 14 
(Cunningham et al. 1996; Mazzoni et al. 2009). Resistance to ranaviruses is 15 
known to vary greatly between species (Hoverman et al. 2011) and also within 16 
species, between life history stages (Duffus et al. 2013) and populations 17 
(Schock et al. 2009). However, a number of key risk factors that may pre- 18 
dispose a species or population to ranavirus infection have been identified 19 
(Hoverman et al. 2011; North et al. 2015). Cross infection experiments have 20 
demonstrated that host species are far more likely to be able to resist infection 21 
by those ranavirus strains that occur within their natural range (Schock et al. 22 
2009) and this finding has been supported by phylogenetic studies conducted 23 
on both host and virus (Storfer et al. 2007; Ridenhour & Storfer 2008). The 24
 63 
degree to which a population is susceptible to infection with a ranavirus has 1 
also been shown to correlate negatively with the genetic diversity present 2 
within the population (Pearman & Garner 2005).  3 
 
Much of what is known about the amphibian immune response to ranaviruses 4 
comes from a model system established using the primitive anuran Xenopus 5 
laevis and the type species of Ranavirus, Frog Virus 3 (FV3). This system has 6 
yielded insight into both the immune evasion strategies of the virus (Grayfer et 7 
al. 2012) and the immunocompetence mechanisms of the host (Robert et al. 8 
2005; Maniero et al. 2006; Morales & Robert 2007; Morales et al. 2010). Little 9 
is known about the immunological response of other non-model species of 10 
amphibian to ranaviruses excluding a small number of studies that have 11 
investigated potential responses in host gene expression. These studies 12 
found evidence of a robust immue response to ranavirus in the Mexican 13 
axolotl (Ambystoma mexicanum; Cotter et al. 2008) but little to suggest that a 14 
strong response occurs within the European common frog (Rana temporaria; 15 
Price et al. 2015). 16 
 
In the United Kingdom ranaviruses have been implicated in observed declines 17 
of R. temporaria populations since the late 1980s (Cunningham et al. 1996; 18 
Price et al. 2016). Substantial public engagement in the study of UK 19 
ranavirus, generated by the Frog Mortality Project (FMP; see Teacher et al. 20 
2010; Price et al. 2016), has led to the formation of a unique field system 21 
consisting of frog populations known to have experienced at least one 22 
ranavirosis related mass mortality event and those that have never 23 
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experienced the disease. This field system has allowed for several 1 
comparative studies that have elucidated much about impact of ranaviruses 2 
within wild populations (Teacher et al. 2009a; b, 2010; Duffus et al. 2013; 3 
North et al. 2015; Price et al. 2016). Rana temporaria populations in the UK 4 
that have a positive history of ranavirosis have been shown to have declined 5 
in size by up to 80% compared to pre-infection population sizes. Concurrent 6 
evidence of purifying selection on the Major Histocompatability Complex 7 
(MHC) genotypes present within the same positive disease history 8 
populations suggests that selective pressure is being exerted by the presence 9 
of the pathogen on host immune genotype (Teacher et al. 2009b). 10 
 
The MHC is a collection of genes that are integral to the vertebrate immune 11 
system’s ability to mount an effective response to an invading pathogen 12 
(Trowsdale 1993; Bonneaud et al. 2006; Sepil et al. 2013) and has been 13 
suggested as an important genetic locus in the evolution of resistance to 14 
infection in a number of species (Potts & Wakeland 1993; Potts et al. 1994; 15 
Garamszegi & Nunn 2011). Evidence for selection acting upon the MHC 16 
within R. temporaria populations with a positive disease history of ranavirosis 17 
suggests that infected populations may be adapting to the presence of 18 
ranaviruses. If this selection increases the resistance of R. temporaria to 19 
ranaviruses, subsequent generations are likely to exhibit an increased 20 
resistance to infection by a ranavirus compared to frogs from naïve 21 
populations.  22 
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This experiment aimed to assess whether originating from a population that 1 
has endured such selective pressures impacts on the ability of recently 2 
metamorphosed R. temporaria to resist infection by a ranavirus. Using 3 
experimental infections and pathogen burden as an indicator of resistance 4 
(Hoverman et al. 2010; Bonneaud et al. 2011), we tested the hypothesis that 5 
originating from a population with a disease history of ranavirosis would result 6 
in a reduced viral load compared to R. temporaria from populations that are 7 
thought to be naïve of virus. By recording the weight of each experimental 8 
animal, we were also able to test the hypothesis that large metamorphic R. 9 
temporaria would develop lower viral loads than their smaller counter parts. 10 
Methods 
Spawn collection and rearing 
Positive disease history field sites were drawn from the FMP database of R. 11 
temporaria populations known to have experienced at least one mass 12 
mortality event and continued episodic annual mortality due to ranavirosis. 13 
Putatively disease free populations were selected from a complimentary 14 
database of R. temporaria populations that have shown no signs of 15 
ranavirosis at any point during the emergence of ranaviruses in the United 16 
Kingdom (see Teacher et al. 2010 for more detailed selection criteria). Four 17 
populations of each disease history were selected (Fig 1). Field sites were 18 
attended during the spring breeding season and approximately 50 eggs were 19 
taken from 4 individual clutches per site, except for the Chessington field site 20 
where we could only confidently identify 2 unique clutches. 21 
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Spawn was taken to the Institute of Zoology and each clutch was placed into 1 
an individual 9-litre plastic rearing tank. Tanks were kept in an outdoor 2 
structure that remained partially open to the environment. This meant that 3 
spawn was protected from predation but rearing temperatures could naturally 4 
fluctuate with the ambient outdoor temperature. A low flow sponge filter 5 
placed into the corner of each tank provided filtration and aeration. To ensure 6 
that potential for contamination between clutches originating from positive 7 
disease history and disease free populations was kept to a minimum, clutches 8 
were kept on disease history specific shelving units and no equipment used 9 
during rearing was transferred between each shelving unit. Post hatching, 10 
larvae were allowed to feed upon their own egg mass until all members of the 11 
clutch were free swimming at which point remaining egg mass detritus was 12 
removed. Thereafter, clutches were fed crushed algal fish food (Tetra 13 
Tabimin, Tetra, Melle, Germany) ad libitum every two days. Uneaten food was 14 
removed and a 50% water change completed on each tank on alternative 15 
days to the feeding schedule. 16 
 
To ensure that rearing conditions were as uniform as possible between 17 
clutches, larval density was equalised to 20 free-swimming individuals per 18 
clutch. Upon reaching Gosner stage 44-46 (all four limbs developed and tail 19 
greatly reduced or absent; Gosner 1960) larvae were transferred into a 20 
terrestrial clutch specific tank. Each tank contained moist paper substrate, a 21 
large (15cm diameter, 1.5cm depth) water bowl to prevent desiccation, as well 22 
as a naturalistic “cave” type ceramic shelter (20 cm x 10cm x 5cm). Post 23 
metamorphosis each frog was fed black crickets (“micro” sized) ad libitum 24 
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three times per week. Paper substrate and water were changed twice per 1 
week.  2 
	
Fig 1: Map of locations of R. temporaria populations sampled in this study, within southern 
England. 
Experimental procedure 
Mortality during the rearing process was variable between sites and clutches. 3 
The largest possible even number of metamorphs from each clutch were 4 
moved into the experimental exposures, resulting in a total of 354 5 
metamorphs from 27 individual clutches spread across all eight sites (Disease 6 
free N = 198, Positive disease history N = 156; Table 1). Once all clutches 7 
had fully metamorphosed and attained Gosner stage 46 (Gosner 1960), frogs 8 
were transferred into individual experimental boxes (0.3L in volume). Each 9 
box was sequentially numbered and contained a moist paper substrate and a 10 
plastic shelter (4cm radius, 3cm depth; Fig S3.1). Each frog was weighed 11 
 68 
using a digital scale before being transferred into an individual box. Frogs 1 
were checked visually and the inside of each box was sprayed with water 2 
daily to ensure humidity levels remained optimal. Frogs were provided with 3 
black crickets to eat, ad libitum, three times per week. Boxes given an odd 4 
number were selected to be our exposure treatment group and boxes with an 5 
even number were designated as non-exposed controls. Exposed and non- 6 
exposed treatment groups consisted of 177 animals each. Boxes were 7 
separated out into 3 shelving units (blocks) per treatment (Fig S3.1). To 8 
minimise any potential block effects, the position of each box was changed 9 
within the shelving unit and each block was rotated clockwise around the 10 
shelving system each day. Animals were left to acclimatise in their individual 11 
boxes for one week prior to exposure with virus, nine animals died during the 12 
week of acclimatisation. Six of these were destined to be treatment animals 13 
and four, non-treatment controls. Eight originated from disease free 14 
populations and one from a population with a positive disease history. This 15 
resulted in 190 and 155 animals from disease naïve populations and positive 16 
disease history populations respectively, split between treatment groups 17 
consisting of 171 exposure animals and 173 non-exposure controls. 18 
	
The Frog Virus 3 used for experimental exposures was isolated from multiple 19 
virions (non-clonal isolation) harvested from the tissues of a deceased, 20 
symptomatic R. temporaria found in Ipswich, Suffolk, UK during 1995. For 21 
original isolation methodologies see (Cunningham 2001). Stock concentrate 22 
of cultured FV3, was diluted 1:200 with distilled water to a final concentration 23 
of 1 x 1013 TCID50. Treatment animals were bath exposed in 40 ml of viral 24 
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solution in individual petri dishes for 12 hours before being returned to their 1 
respective numbered boxes. Control animals were treated similarly but were 2 
exposed to an equivalent solution of water and viral growth medium that 3 
contained no active virus. All animals were monitored for seven days, at which 4 
point the first experimentally infected frogs began to exhibit symptoms 5 
consistent with ranavirosis and the experiment was stopped on animal welfare 6 
grounds. All animals were euthanised by immersion in tricaine 7 
methanesulfonate (MS222, Sigma Aldrich, Missouri, USA), which had been 8 
pH neutralised with sodium bicarbonate. In accordance with UK Home Office 9 
legislation, the death of each frog was confirmed by severing the spinal 10 
column at the base of the skull using surgical scissors. Immediately post 11 
mortem, livers (which are a primary site of ranaviral infection and are often 12 
used in diagnostics; Miller et al. 2011) were surgically extracted, placed into 13 
individual 1.5ml centrifuge tubes containing 70% ethanol and frozen at -80oC. 14 
Twelve frogs (six from each exposure treatment group) died during the seven 15 
days following exposure but exhibited no clinical signs of ranavirosis. This 16 
gave a final total of 333 animals that were euthanised at seven days post 17 
infection, 170 frogs from disease free populations and 153 from positive 18 
disease history populations.  19 
Viral load quantification 
DNA was extracted from each liver using a Genelute Mammalian Genomic 20 
DNA extraction kit (Sigma Aldrich, Missouri, USA). The amount of ranavirus 21 
present in each extraction was determined using the ranavirus quantification 22 
real-time PCR developed by Leung et al. (2017). Briefly, this consists of two 23 
separate qPCR reactions per individual, one that targets a section of the viral 24 
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Major Capsid Protein (MCP) gene and one that targets a section of the host 1 
Early B-Cell Factor 1 (EBF1), used as a housekeeping gene. Four qPCR 2 
standards, covering a range of 3x107 down to 3x101 copies of each gene were 3 
run on each qPCR plate and each plate contained a combination of control 4 
and exposed animals. Every sample, including standards, was run in 5 
duplicate. Slight variations between each PCR run were accounted for by 6 
standardising the cycle threshold (CT) of each run so that the CT values of 7 
each 3x107 standard were equalised across runs. The copy number of MCP 8 
and EBF1 present in each extraction were calculated against a standard 9 
curve using the StepOne software (Applied Biosystems, California, USA) and 10 
viral load was then computed by using the formula 11 
 where 2 is the ploidy of R. temporaria to 12 
give the number of copies of ranaviral MCP (i.e. ranavirus virions) per host 13 
cell (viral load). 14 
Statistical analysis 
No control animals were found to have been infected with ranavirus and were 15 
therefore excluded from further statistical analyses. Nine outlying individuals 16 
with apparently high viral loads created a large right skew in our viral load 17 
data. Inspection of raw data files provided no evidence that these data points 18 
were erroneous and therefore no justification for their removal. The 19 
distribution of our viral load data was therefore normalised by natural log 20 
transformation. In all statistical analyses we standardised individual weight to 21 
a mean of 0 and a standard deviation of 1. 22 
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To investigate the influence of population disease history and individual 1 
weight on log viral load (logVL) we implemented a Gaussian linear mixed 2 
effects regression model (lmer) and model simplification procedure using the 3 
R (R Core Team 2014) package lme4 (Bates et al. 2015). Our most complex 4 
model consisted of logVL as our dependent variable with disease history of 5 
population of origin and standardised weight of each individual plus the 6 
interaction of those two parameters as fixed effects. We accounted for 7 
potential non-independent measures and variation in viral load within 8 
individual clutches and between different populations by the inclusion of clutch 9 
and population of origin as nested random effects (Table 2).  10 
 
We removed parameters individually from the most complicated model and 11 
performed likelihood ratio tests using the anova function in R. If a parameter 12 
was computed to have an non-significant effect on the variance of logVL 13 
explained by our model then it was excluded. This continued until only those 14 
fixed effects that significantly improved the explanatory power of the model 15 
remained (Table 2).  16 
 
To obtain robust estimates of logVL based on each remaining parameter, we 17 
remodelled our simplified model using a Bayesian generalised linear mixed 18 
effects model (GLMM; Gaussian distribution family) in the R package 19 
MCMCglmm (Hadfield 2010). We initialised the model with uninformative 20 
priors for both the random effects (G) and residual variance (R) structures but 21 
residual variance was unconstrained (nu = 1.002). We ran the model for 22 
600,000 iterations, incorporated a burn-in period of 100,000 iterations and a 23 
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thinning rate of 500, giving a final draw of 1000 posterior distributions of our 1 
fixed and random effects. We assessed model convergence using the 2 
Gelman-Rubin statistic calculated from two independent chains initiated with 3 
over-dispersed starting values. All G-R values were <1.05, indicating 4 
convergence. We computed variance components to assess the relative 5 
importance of our random effects (Wilson et al. 2010).  6 
Results 
There was no significant difference between the weight of animals originating 7 
from positive disease history populations and putatively disease free 8 
populations (Welch’s two sample t-test, t =1.29, df = 148.23, p = 0.20). The 9 
weight of animals from positive disease history populations ranged from 0.16 10 
to 0.76 grams with a mean of 0.38 grams. The weight of animals from disease 11 
free populations ranged between 0.13 and 0.77 grams with a mean of 0.35 12 
grams. For clutch means see Table 1.  13 
 
The natural log viral load (logVL) of animals from positive disease history 14 
populations ranged between -10.99 and +2.91 with a mean of -4.71. The 15 
logVL of animals from disease free populations ranged between -12.97 and + 16 
3.25 with a mean of -4.47. For clutch means see Table 1.  17 
 
Neither the interaction term of disease history and standardised weight, nor 18 
disease history of population of origin alone were found to account for 19 
significant levels of variation in logVL (Table 2). Therefore, only standardised 20 
individual weight was retained as a significant fixed effect in our Bayesian 21 
GLMM (Table 2). We found that standardised weight of an individual was 22 
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significantly negatively correlated with logVL (posterior mean = -0.6, 95% 1 
credible interval = , pMCMC = 0.01, Fig 2). Posterior estimates of  2 
mean logVL showed variation between clutches and populations (Fig 3). 3 
Variance components associated with our random effects showed that once 4 
accounting for the variance in logVL due to individual weight, 18% (lower 95% 5 
credible interval = 5%, upper 95% credible interval = 48%) and 11% of the 6 
variance (lower 95% credible interval = 3%, upper 95% credible interval = 7 
30%) was attributable to variation among sites, and among clutches within 8 
sites respectively.  9 
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Table 1: Summary of the number of clutches incorporated into experimental infections by site 
and the number of individuals used per clutch (#). Each clutch was split evenly between control 
and treatment animals. Minimum, mean and maximum values for weight and natural log of 
viral load are also shown. Populations with a positive disease history of ranavirosis are 
denoted by a **. 
Site Clutch #  Weight(g) 
mean (min, max) 
LogVL  
mean (min, max) 
Mitcham     
 1 10 0.31 (0.26, 0.32) -3.97 (-5.63, -2.86) 
 2 14 0.37 (0.25, 0.64) -5.93 (-7.66, -2.29) 
 3 16 0.34 (0.15, 0.51) -4.45, (-9.57, -1.36) 
 4 18 0.33 (0.22, 0.43) -4.41 (-9.38, 0.45) 
Oxford     
 1 12 0.32 (0.25, 0.43) -5.18 (-7.45, -3.64) 
 2 14 0.35 (0.23, 0.47) -4.89 (-8.72, -1.98) 
 3 14 0.31 (0.19, 0.43) -6.11 (-9.09, -2.17) 
 4 12 0.30 (0.23, 0.39) -7.78 (-12.96, -3.51) 
Palmer’s Green    
 1 18 0.43 (0.26, 0.64) -5.29 (-7.47, -2.44) 
 2 10 0.33 (0.28, 0.42) 0.65 (-1.89, 2.29) 
 3 10 0.31 (0.18, 0.43) 0.03 (-0.75, 1.45) 
 4 12 0.35 (0.15, 0.43) -4.22 (-7.48, 0.37) 
Witham     
 1 10 0.31 (0.13, 0.65) -5.23 (-8.22, -1.64) 
 2 12 0.42 (0.25, 0.77) -5.21 (-7.20, -1.98) 
 3 16 0.32 (0.13 0.50) -0.98 (-7.03, 3.25) 
Chessington**     
 1 16 0.31 (0.16, 0.54) -5.57 (-7.86, -3.32) 
 2 20 0.27 (0.21, 0.60) -3.55 (-7.81, 0.72) 
Deal**    
 1 12 0.47 (0.35, 0.68) -6.74 (-9.12, -5.05) 
 2 14 0.39 (0.27, 0.54) -8.04 (-10.99, -6.21) 
 3 14 0.33 (0.21, 0.50) -5.92 (-9.11, -0.98) 
 4 10 0.45 (0.32, 0.76) -6.06 (-7.70, -3.54) 
Ealing**    
 1 10 0.37 (0.19, 0.52) 0.23 (-0.83, 1.17) 
 2 10 0.45 (0.31, 0.61) -2.11 (-5.62, 2.91) 
 3 8 0.47 (0.37, 0.59) -3.99 (-5.47, -2.66) 
Poole**     
 1 16 0.38 (0.24, 0.60) -4.27 (-6.65, -3.17) 
 2 12 0.34 (0.22, 0.54) -6.01 (-10.07, -2.71) 
 3 14 0.38 (0.25, 0.50) -3.27 (-8.94, 1.22) 
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Table 2: Summary of A) lmer model simplification procedure and B) Bayesian MCMCglmm 
modelling. logVL = natural log normalised viral load. Standarsied Weight = the body mass of 
each individual standardised to a mean of zero and a standard deviation of one. Status = 
disease history of each site, either positive or disease free. 
LMER Full model logVL ~ standardised weight * status + (1|site/clutch) 
Fixed effect Estimate Model df Chi2 p 
Standardised Weight * 
Status 
-0.17 6 0.14 0.71 
Status 0.009 5 0.0004 0.99 
Standardised Weight -0.61 4 6.23 0.01 
     
MCMCglmm Full model logVL ~ standardised weight, random = site + clutch 
Fixed effect Posterior Mean Credible intervals pMCMC 
Intercept -4.40 -5.65 -3.27 <0.001 
Standardised Weight -0.60 -1.06 - -0.09 0.01 
	
Fig 2: The relationship between standardised weight and natural log transformed viral load for 
each animal. Relationship is broken down by disease history of population of origin for 
comparison. The linear relationship between standardised weight and logVL, as calculated 
using a linear model, is shown for each disease history type by the solid line through the plot. 
The 95% confidence intervals around this relationship are represented by the shaded area 
around the line. 
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Fig 3: Posterior mean logVL by A) Population of origin and B) Clutch. Posterior means were 
calculated from our Bayesian GLMM by averaging the estimated logVL per populations and 
clutch across 1000 posterior distributions. Credible intervals (95%) are also displayed. 
Variance components attributed to our random effects were 18% (95% credible interval = 5% 
- 48%) and 11% (95% credible interval 3% - 30%) for populations of origin (site) and clutch 
respectively. 
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Discussion 
Ranaviruses are highly virulent pathogens with a broad host range (Price et 1 
al. 2017a). Optimal host response to pathogens that possess such 2 
characteristics should be quantitative (reduced intensity or impact of infection) 3 
as opposed to qualitative (complete non-admittance of the pathogen) 4 
resistance (Sepil et al. 2013). We set out to test the hypothesis that 5 
metamorphic R. temporaria originating from a population with a disease 6 
history of ranavirus would exhibit a reduced viral load under experimental 7 
ranaviral infection as compared to frogs originating from populations that have 8 
not experienced an infection. Using viral load seven days post infection (dpi) 9 
as our marker of host resistance, we found no evidence of a reduction in the 10 
pathogen burden of animals originating from populations with a positive 11 
disease history of ranavirus and therefore no evidence to indicate that levels 12 
of quantitative resistance are elevated in R. temporaria from populations with 13 
a positive history of ranavirosis. 14 
 
Despite identical exposure and housing conditions throughout the experiment, 15 
differences between populations and between clutches from the same 16 
populations were found to explain some of the variation in viral load that we 17 
detected. However, we found no evidence to suggest that a similarly 18 
important level of variation in viral load is attributable to the disease history of 19 
population of origin in R. temporaria. This is a potentially surprising result 20 
given that evidence from within the same populations sampled here suggests 21 
that selection is taking place on the immunologically critical MHC (Teacher et 22 
al. 2009b), and that evidence from prior studies has found that a positive 23 
disease history of a strain of ranavirus positively impacts the survival of hosts 24 
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exposed to that particular strain (Storfer et al. 2007; Schock et al. 2009). 1 
Unlike in other host-pathogen systems (Kerr & Best 1998; Bonneaud et al. 2 
2011), our results suggest that resistance to ranavirus is not developing within 3 
populations of R. temporaria impacted by ranavirus in the UK. This result 4 
could be seen as confirmatory to that of Price et al. (2015) who found that four 5 
dpi with ranavirus, recently metamorphosed R. temporaria displayed a 6 
negligible transcriptional response indicative of poor immune system 7 
activation. However, the possibility exists that both the seven dpi experimental 8 
end point used in the current study and the four dpi end point used by Price et 9 
al. are too early to detect variation in resistance caused by later initiated 10 
aspects of the host immune system. For example, the MHC, particularly class 11 
I and II (classical MHC) is known to be a key component of the vertebrate 12 
adaptive immune response, which follows on from initial innate immune 13 
responses following infection (Acevedo-Whitehouse & Cunningham 2006). 14 
Although innate immune responses to ranavirus have been detected as little 15 
as one dpi in X. laevis (Morales et al. 2010), effective resistance depends 16 
heavily on the ability to subsequently mount a robust MHC mediated adaptive 17 
immune response (Robert et al. 2005). For example, expression of the 18 
classical MHC is known to be greatly reduced (Flajnik et al. 1986; Du 19 
Pasquier, Schwager & Flajnik 1989), highly tissue specific (Salter-Cid, 20 
Nonaka & Flajnik 1998) and limited mainly to MHC class II (Mulder et al. 21 
2017) until metamorphosis in X. laevis, where-after all types of classic MHC 22 
molecular are expressed at much higher levels throughout the body (Salter- 23 
Cid et al. 1998). This is thought to be a contributing factor to the elevated 24 
susceptibility of larval X. laevis to ranaviruses compared to adults. As the 25 
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temporal expression of the MHC throughout ranaviral infection remains to be 1 
studied in all other host species except X. laevis, we lack any knowledge of 2 
when expression of such adaptive immune machinery may begin in R. 3 
temporaria. It is therefore possible that at seven dpi any impacts of MHC 4 
selection occurring at populations with a positive history of ranavirosis may 5 
not yet be detectable due to the absence of an adaptive immune response 6 
within the host at that time point.  7 
 
It has been shown that resistance to ranaviruses varies within populations of 8 
the same species, based on whether the strain of ranavirus to which they are 9 
being subjected originates from their natural habitat (Schock et al. 2009). 10 
Although we infected our experimental animals with a strain of FV3 that was 11 
isolated from a deceased frog from a UK population, recent evidence 12 
suggests that the phylogenetics of ranviruses present in the UK may be more 13 
complex than initially appreciated (Price et al. 2016). We can, therefore, have 14 
no certainty that any of the populations used for this experiment have a prior 15 
history of the exact strain of FV3 that was used for our infections. This may 16 
mean that all populations were equally subjected to a novel strain of ranavirus 17 
and that any changes in resistance that would be expected due to selection 18 
on immune genotype in positive disease history populations is absent due to a 19 
lack of historical adaptation to the particular ranaviral strain used. 20 
 
We have no information regarding the clutches collected for this experiment 21 
aside from the populations for which they originated. Rana temporaria are 22 
largely philopatric (Brabec et al. 2009), however migration between 23 
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populations does occur. A lack of information regarding the parentage of our 1 
clutches means that we cannot be sure that our clutches were not produced 2 
by first generation migrants into positive disease history populations that had 3 
not been subjected to selection pressures that apparently exist within them. 4 
However, a previous population genetics study conducted within the same 5 
network of frog populations showed no evidence of significant immigration 6 
(Teacher et al. 2009a).  7 
 
Previous studies that have examined host resistance or more usually, 8 
susceptibility, to ranaviruses have used mortality as the metric by which to 9 
judge differences among species or treatment groups (Schock et al. 2009; 10 
Hoverman et al. 2010). In the absence of other measures of immune 11 
response such as a quantification of pathogen burden, specific antibody titre, 12 
etc, it is possible that little underlying difference in resistance (in the sense of 13 
pathogen avoidance or attenuation) exists and that instead differences in 14 
survival are due primarily to variation in how well hosts tolerate infection with 15 
ranaviruses. This possibility is also not addressable given our data. 16 
 
We did however find evidence to suggest that pathogen burden experienced 17 
by R. temporaria early in infection is negatively correlated with body size 18 
represented by body weight. We found that larger animals exhibited a lower 19 
viral load compared to those animals that weighed less immediately prior to 20 
exposure. All animals were given equal opportunity to feed throughout rearing 21 
and the experimental procedure so inter-individual differences in weight are 22 
likely to be down to other factors such as genotype, maternal effects and 23 
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developmental differences between clutches. We controlled for this variation 1 
in our statistical analyses by incorporating both population of origin and clutch 2 
of origin into our models as random effects and weight was still found to be an 3 
important predictor of viral load. Larger body size has been observed to 4 
correlate with higher survival rates of metamorphic anurans in previous 5 
experimental exposures to the fungal pathogen Batrachochytrium 6 
dendrobatidis (Bd; Carey et al. 2006; Garner et al. 2009). However, body size 7 
has also been found to both positively (Smith et al. 2007) and negatively 8 
(Kriger, Pereoglou & Hero 2007) correlate with an individual’s pathogen 9 
burden under infection by Bd (Searle et al. 2011). Larger body size relative to 10 
conspecifics of similar age has been associated with increased innate 11 
(Sparkman & Palacios 2009) and adaptive (Groffen et al. 2013) immune 12 
system function. This is thought to be the result of larger body size equating to 13 
better overall condition and meaning that more energetic resources can be 14 
allocated to the activation of the immune system away from other metabolic 15 
processes essential for survival, including growth (Beldomenico & Begon 16 
2010). Amphibian metamorphosis is incredibly energetically costly and can 17 
often prove fatal to individuals with sub-optimal body condition even in the 18 
absence of additional challenges such as infection by a pathogen (Merilä et 19 
al. 2000; Altwegg & Reyer 2003). It is therefore likely that those recently 20 
metamorphosed R. temporaria with the lowest body mass / body condition are 21 
not able to as effectively attenuate infection as those which are larger and 22 
more robust. Campbell et al (2017; Chapter 6 herein), found a non-significant 23 
trend for adult R. temporaria from populations with a positive disease history 24 
of ranavirus to exhibit an increased body size compared to frogs of the same 25 
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age from populations that are known to be disease free. However, the oldest 1 
and largest individuals were found to be comparatively absent from positive 2 
disease history populations overall. These findings taken together suggest 3 
that larger animals are at an advantage when subjected to infection by a 4 
ranavirus but ultimately even those animals may succumb to repeated or 5 
prolonged exposure to infection.  6 
Conclusion and future directions 
Understanding how wild animals respond to their pathogens is an extremely 7 
difficult yet vital endeavour (Pedersen & Babayan 2011). Wild derived 8 
experimental systems are key to expanding our knowledge in the emerging 9 
field of wild immunology and our results further demonstrate the utility of the 10 
UK ranavirus field system in this role. However, our findings have also 11 
highlighted the importance of incorporating as many measures of possible 12 
host resistance as possible into a given experiment (Pedersen & Babayan 13 
2011). Future studies in this area should endeavour to incorporate measures 14 
such as pathogen burden, transcriptomic response and antibody titre as this 15 
will allow for a clearer picture of what resistance mechanisms may be 16 
underlying observed changes (i.e. resistance vs tolerance / qualitative vs 17 
quantitative resistance). The use of an extended experimental duration, 18 
possibly incorporating a temporal sampling strategy would allow for an 19 
understanding of how different aspects of a host’s immune system respond 20 
when challenged with a pathogen. 21 
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Chapter 4: Does a positive disease history of 
ranavirosis alter the gene expression profiles of 
wild R. temporaria populations? 
 
This chapter is under revision at Molecular Ecology as: 
A novel approach to wildlife transcriptomics provides evidence of 
disease-mediated differential expression and changes to the 
microbiome of amphibian populations 
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Abstract 
Ranaviruses are responsible for a lethal, emerging infectious disease in 1 
amphibians and pose a threat to their populations throughout the world. 2 
Despite this, little is known about how amphibian populations respond to 3 
ranaviral infection. In the United Kingdom, ranavirus impacts the common frog 4 
(Rana temporaria). Extensive public engagement in the study of ranavirus in 5 
the UK has led to the formation of a unique system of field sites containing 6 
frog populations of known ranaviral disease history. Within this unique natural 7 
field system, we used RNA sequencing (RNA-Seq) to compare the gene 8 
expression profiles of R. temporaria populations with a history of ranaviral 9 
disease and those without. We have applied an RNA read filtering protocol 10 
that incorporates Bloom filters, previously used in clinical settings, to limit the 11 
potential for contamination that comes with the use of RNA-Seq in non- 12 
laboratory systems. We have identified a suite of 407 transcripts that are 13 
differentially expressed between populations of different disease history. This 14 
suite contains genes with functions related to immunity, development, protein 15 
transport and olfactory reception amongst others. A large proportion of 16 
potential non-coding RNA transcripts present in our differentially expressed 17 
set provides first evidence of a possible role for long non-coding RNA 18 
(lncRNA) in amphibian response to viral infection. Our read-filtering approach 19 
also removed significantly higher numbers of bacterial reads from libraries 20 
generated from postitive disease history populations. Subsequent analysis 21 
revealed these bacterial read sets to represent distinct commensal 22 
communities, suggestive of an interaction between ranavirus and host 23 
microbiome in the wild. 24 
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Introduction  
Globally, amphibians are the most threatened group of vertebrates and their 1 
populations are continuing to decline (Wake & Vredenburg 2008). They are 2 
faced with diverse and numerous threats that include habitat loss (Cushman 3 
2006), climate change (Foden et al. 2013), over-harvesting by humans (Xie et 4 
al. 2007), as well as emerging infectious diseases (Longcore et al. 1999; 5 
Chinchar 2002a). In addition to the fungal pathogens belonging to the genus 6 
Batrachochytrium, one of the most widespread and lethal amphibian diseases 7 
is caused by viruses belonging to the genus Ranavirus (Daszak et al. 1999; 8 
Green et al. 2002).  9 
 
Ranaviruses are large double stranded DNA viruses that are capable of 10 
causing disease in all classes of ectothermic vertebrates (Cunningham et al. 11 
1996; Whittington et al. 2010; Marschang 2011). They are globally distributed 12 
and known to be present on all continents except for Antarctica (Duffus et al. 13 
2015). They have been identified as the cause of amphibian mass mortality 14 
events (Cunningham et al. 1996) and have been implicated in the long term 15 
declines and extinction of amphibian populations (Teacher et al. 2010; Earl & 16 
Gray 2014). The susceptibility of amphibians to ranaviruses varies between 17 
host species, and a number of ecological risk factors have been identified 18 
(Hoverman et al. 2011). There is evidence that the level of genetic variation 19 
within a population correlates negatively with susceptibility to ranaviral 20 
infection (Gantress et al. 2003; Pearman & Garner 2005) and a history of host 21 
co-evolution with local ranaviral strains also reduces susceptibility within a 22 
species (Ridenhour & Storfer 2008; Schock et al. 2009). This is indicative of 23 
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an adaptive genetic element to ranaviral immunity, an aspect of host – 1 
ranavirus interactions that has received little attention to date. 2 
 
Most of what is known about the amphibian immune response to ranaviruses 3 
comes from an experimental system built around the primitive anuran 4 
Xenopus laevis infected with the type species of Ranavirus, Frog Virus 3 5 
(FV3; Hyatt et al. 2000). This system has yielded valuable insights into the 6 
pathogenicity and immune evasion strategies of ranaviruses (Grayfer et al. 7 
2012) as well as the immune response of X. laevis to FV3 infection (Maniero 8 
et al. 2006; Robert & Ohta 2009; Morales et al. 2010; De Jesús Andino et al. 9 
2012). Though these findings are fundamental and vital to our understanding 10 
of how amphibians may combat ranaviral infection, there is a clear need to 11 
extend this research effort to other amphibian species.  12 
 
The application of RNAseq-based transcriptomics to disease research has 13 
revolutionised our ability to understand the processes of and response to 14 
diseases, even in non-model organisms (Wang, Gerstein & Snyder 2009; 15 
Costa et al. 2012). However, the lack of well-controlled experimental field 16 
systems, coupled with the high likelihood of simultaneously sequencing 17 
environmental contaminants have meant that the use of RNA-Seq techniques 18 
has remained largely rooted in the laboratory.  19 
 
Across all taxa and research disciplines, field-based transcriptomic studies 20 
are rare (see review by Alvarez et al. 2015) and to date all examples of RNA- 21 
Seq based transcriptomics in amphibian disease research have been 22 
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conducted within laboratory-based study systems (Ellison et al. 2015; Price et 1 
al. 2015). As extrapolation of findings from laboratory studies to wild systems 2 
is often tenuous, to fully appreciate the true impacts of ranavirus infection we 3 
need to understand its impact on the transcript level response of wild animals 4 
(Alvarez et al. 2015). 5 
 
Frog virus 3 was identified as the causative pathogen behind unusual 6 
mortality events seen in UK populations of European common frogs (Rana 7 
temporaria) during the late 1980’s and early 1990s (Cunningham et al. 1996). 8 
The subsequent formation of the Frog Mortality Project (FMP) led to 9 
unprecedented public engagement in the study of a wildlife disease (see Price 10 
et al. 2016) and the formation of a unique database of frog populations known 11 
to have a positive history of ranaviral disease. This database, coupled with a 12 
complementary set of populations known never to have experienced a 13 
ranavirus-related die off has provided a novel framework within which to study 14 
the population-level impacts and spread of ranavirus infection in the UK 15 
(Teacher et al. 2009a; b, 2010; North et al. 2015; Price et al. 2016). 16 
 
In the present study, we combine this controlled field system with a novel 17 
approach to the filtering of RNA-Seq read data collected from wild animals to 18 
investigate the impact of ranaviral disease history on the transcriptome of wild 19 
populations of R. temporaria in the UK.  20 
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Methods 
Field site selection and sample collection. 
Potential field sites were selected from a combined database consisting of the 1 
FMP database plus a complimentary database of ranavirus naïve field sites 2 
(see Teacher et al. 2010 for more detailed selection criteria). Based upon 3 
information provided by property owners, the field sites in this database are 4 
known to have been either infected by or free from ranavirus for at least 20 5 
years. A total of 13 frog populations (seven positive history and six disease 6 
free) were recruited.  7 
 
During the 2014 spring breeding season (February – April) field site owners 8 
were asked to capture pairs of adult R. temporaria during amplexus (mating 9 
embrace) using nylon hand nets. Captured pairs were placed into individual 10 
plastic holding tanks (80 x 50 x 50cm). All captured frogs were breeding 11 
adults and none exhibited signs of clinical ranavirus infection (see 12 
Cunningham et al. 1996) at the time of sampling. Licensed personnel visited 13 
each field site and performed tissue sampling in situ within 24 hours of frog 14 
capture. The distal portion of the first (inside) digit of a hind limb of each 15 
captured frog was clipped using surgical scissors following the application of a 16 
topical disinfectant that contained an analgesic (Bactine; WellSpring 17 
Pharmaceutical, Florida, USA). Toe clips were immediately placed into 18 
individual 1.5mL micro-centrifuge tubes containing 1mL of RNAlater stabilising 19 
agent (Sigma Aldrich, Missouri, USA). Following sample collection, all animals 20 
were released at point of capture. The number of animals sampled at each 21 
site ranged between 2 and 18 and was dependent on the success of field site 22 
owners at capturing amplexing pairs. 23 
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RNA extraction and sample pooling 
Whole amputated toes (bones and soft tissue) were agitated using a Qiagen 1 
High Frequency Tissue Lyser2 (Qiagen, Hilden, Germany) at a frequency of 2 
2,000 hertz for duration of 4 minutes with lysis buffer and stainless steel lysing 3 
beads. RNA was then extracted using NucleoSpin RNA isolation kits from 4 
Macherey-Nagel (Duren, Germany) following the manufacturer’s instructions.  5 
 
Approximate concentration of all RNA extracts was assessed using a 6 
NanoDrop (NanoDrop, North Carolina, USA). RNA quality of the extracts from 7 
the three males and three females with the highest RNA extraction yields from 8 
each population were appraised using a BioAnalyser (Agilent Technologies, 9 
California, USA). The three positive history and three disease free field sites 10 
with the largest number of high quality RNA extractions were selected for 11 
sequencing (Fig 1). Samples with RNA integrity scores >= 8 were chosen for 12 
pooling and three males and three females from each of the six sites were 13 
pooled, creating six site specific sample pools of six individuals. To prevent 14 
the over-representation of any individuals within a pool, RNA concentrations 15 
of each individual within a given pool were normalised to the concentration 16 
level of the lowest individual. RNA concentrations were not normalised 17 
between pools. 18 
Sequencing 
Library preparation and strand specific sequencing was performed by the 19 
Biomedical Informatics Hub at the University of Exeter. The amount of 20 
ribosomal RNA present within each library was minimised using the poly A 21 
capture method. Reverse transcription to cDNA was performed using the 22 
Superscript II reverse transcription kit (Invitrogen, Massachusetts, USA) and a 23 
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combination of random hexamer and oligo dT primers. Each library was 1 
indexed with a different sequencing barcode and all six were run 2 
simultaneously over the same 3 lanes of an Illumina Hiseq flow cell on an 3 
Illumina Hiseq 2000 machine using v3 chemistry, generating 100 base pair 4 
paired-end reads.  5 
Read quality control 
Adapter sequence and low quality bases were trimmed from the ends of reads 6 
in the raw read datasets of each of the six populations independently, using 7 
the fastq-mcf utility from the ea-utils package (Aronesty 2013). Short reads 8 
and those containing non-assigned bases (Ns) were also removed from read 9 
sets at this stage. The following quality parameters were used: quality 10 
threshold of 20; minimum remaining sequence length of 35 bases; minimum 11 
identity between adapter sequence and sequence to be trimmed of 85%; no 12 
N’s permitted, and a minimum trim length of 3 bases. The read sets were then 13 
evaluated using FastQC (Andrews 2016).  14 
Environmental contaminant screening 
To remove any reads that may belong to potential environmental 15 
contaminants, we performed a novel and systematic filtering step using the 16 
software package BioBloom tools (version 2.0.13b.; Chu et al. 2014). 17 
BioBloom tools uses Bloom filters, which are a memory efficient, probabilistic 18 
data structure that tests set membership, to screen datasets (Bloom 1970). 19 
We produced Bloom filters using comprehensive sets of publicly available 20 
genomes for a suite of contaminant groups that may be present in urban fresh 21 
water environments. These were (in alphabetical order), Algae, Archaea, 22 
Bacteria, Fungi, Plants and Viruses. Genomes were downloaded from 23 
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ENSEMBL (Yates et al. 2016). The programme ntCard (Mohamadi, Khan & 1 
Birol 2016) was used to estimate the number of distinct k-mers (the parameter 2 
that describes the minimum length of read-to-read overlaps for assembly) for 3 
each set of contaminant genomes and select the number of elements required 4 
for each Bloom filter (Table S4.1). All Bloom filters were created with a target 5 
false positive rate (FPR) of 2%. Read sets for each site were run 6 
independently against each filter and any reads that hit a contaminant filter 7 
were removed (threshold read categorisation score of 0.05). To retain as 8 
many potential frog reads as possible we performed a conservative step using 9 
a further Bloom filter constructed from the genomes of 3 frog species: 10 
Lithobates (Rana) catesbeianus (NCBI BioProject PRJNA285814, Accession 11 
LIAG00000000); Nanorana parkeri (genome assembly version 2; 12 
dx.doi.org/10.5524.100132) and Xenopus tropicalis, genome version 9, 13 
(downloaded from xenbase.org.) Any reads that hit against contaminant filters 14 
but which also matched this conservation filter were returned to their 15 
respective read sets. 16 
Exploratory investigation of bacterial communities 
We used Kraken (Wood and Salzberg 2014, default parameters) with a 17 
custom database (constructed with the same bacterial genomes used for our 18 
bacterial Bloom filter) to classify our putative bacterial reads to bacterial 19 
species. Kraken’s translate function was used to present species 20 
classifications in a human-readable format and the numbers of individual 21 
reads alignments per classified species were collated for each population 22 
sample. We used the R (R Core Team 2014) package phyloseq (McMurdie & 23 
Holmes 2013) to explore changes in bacterial diversity and community 24 
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composition between our sampled populations. The read sets for each 1 
population were normalised (rarefied) to the depth of the library with the 2 
fewest reads. The within population diversity of identified bacterial species, 3 
represented by the effective number of species, was computed by calculating 4 
the exponent of the Shannon diversity index value of each population, as per 5 
Jost (2006). Effective number of species provides a more honest reflection of 6 
differences in community diversities than standard entropies (Shannon, 7 
Simpson, etc.) and can be calculated from any of them (Jost 2006). Its use 8 
circumvents the largely subjective choice between more commonly used 9 
indices of diversity, allowing for easier comparison and repeatability of 10 
diversity estimates between studies (Jost 2006). We compared these values 11 
between disease status groups using a linear model fitted in R. The effective 12 
number of species value of each population was fitted as the response 13 
variable and disease status of population as the sole predictor. We compared 14 
the identified bacterial community composition using a combination of 15 
multidimensional scaling (MDS) ordination plots in phyloseq. We first took 16 
observed abundance of individual species into account by ordinating our 17 
populations using Bray-Curtis dissimilarity distance measures based on count 18 
data of each identified species. Secondly, we ignored the observed 19 
abundance of individual identified species by using Jaccard index distance 20 
between our sampled populations, computed using binary presence/absence 21 
data of each identified species, to perform an additional ordination. 22 
 
We used DESeq2 (version 1.10.1, alpha = 0.05, Love et al. 2014), which 23 
corrects for multiple hypothesis testing and discrepancy in sampling effort 24 
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(read set size), to identify bacterial species that were differentially abundant 1 
between postive history and disease free populations.  2 
Transcriptome Assembly 
Our transcriptome was assembled using a multi-step workflow; Firstly, the 3 
transcriptome assembler trans-ABySS (version 1.5.5; Robertson et al. 2010) 4 
was used to produce multiple assemblies for each of our six libraries. It has 5 
previously been noted that an assembly pipeline incorporating multiple k-mer 6 
lengths accounts for differences in sequence coverage due to variation in 7 
transcript abundance within a sample (Robertson et al. 2010). Our strand 8 
specific assemblies were therefore produced over a range of k-mer lengths 9 
(k=24, 32, 40, 48, 56, 64) using the following additional parameters; minimum 10 
base quality at read ends = 10, minimum base quality throughout a read = 10, 11 
minimum output sequence length of 500 bases, indel size tolerance = 2.  12 
 
Secondly, each field site’s varying k-mer length assemblies were merged 13 
independently using the merge function of trans-ABySS (using the same 14 
parameters as initial construction, and --pid 95, --length 500, --indel 2, --SS) to 15 
create a total of six assemblies (one per field site).  16 
 
Lastly, a pan-sample transcriptome (representative of all 6 sample pools) was 17 
produced using CD-HIT (-r 0, -a 0.8; Li and Godzik 2006) to collapse 18 
individual library assemblies down to a common reference transcriptome. CD- 19 
HIT clusters sequences based on similarity and retains the longest member of 20 
each cluster. We assessed the completeness of our final assembly using 21 
CEGMA, which reports a proxy for assembly completeness based on the 22 
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presence of a set of highly conserved “core eukaryotic genes” (CEGs, default 1 
parameters; version 2.5, Parra et al. 2009)  2 
Functional annotation 
The BLASTx (nucleotide to protein alignment) programme of the BLAST+ 3 
software package (-strand "plus", Camacho et al. 2009) was used to align our 4 
assembled transcripts to a database of reference vertebrate proteins. Our 5 
reference database was constructed by compiling the UNIPROT (Bateman et 6 
al. 2015) submission databases for vertebrates, human, rodent and 7 
mammalian proteins as these gene annotation repositories are maintained 8 
independently. Transcripts were annotated as their best alignments based on 9 
the alignment criteria of ≥25% identity and ≥25% coverage.  10 
 
To test the validity of our assembly, trancripts that did not hit against any 11 
annotations from the UNIPROT database were then aligned against 12 
transcripts generated by previous anuran de novo transcriptome studies, 13 
L.(R.) catesbeianus (BART; NCBI BioProject PRJNA286013) and R. 14 
temporaria (Price et al. 2015) using the BLASTn (nucleotide to nucleotide 15 
alignment) programme of the  BLAST+ software package (-strand “plus”, 16 
%identity 70, %coverage 10,  Camacho et al. 2009).  17 
 
We then used the TransDecoder programme (in strand-specific mode with 18 
default parameters; Haas et al. 2014) to search for putative coding regions 19 
(open reading frame; ORF) within each of our entire set of assembled 20 
transcripts.  21 
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Differential expression, permutation and GO term analysis 
The read set for each library was individually aligned to our final pan-sample 1 
transcriptome assembly using BWA-MEM (version 0.7.12-r1039, Li 2013). 2 
The read counts per assembled transcript, per individual library read set were 3 
then determined using HTSeq (stranded = reverse, id attribute = parent, 4 
Anders et al. 2015).  5 
 
Differential expression analysis was performed in R using the DESeq2 6 
package and standard parameters. Expression patterns were compared 7 
between population groups based on disease history. To test the likelihood of 8 
observing similar levels of differential expression by chance we performed a 9 
permutation analysis. Populations were randomly assigned to a disease 10 
history group using R, with each group consisting of three populations. 11 
Differential expression between these random groupings was then computed 12 
as above. This process was repeated 1,000 times.  13 
 
We used the cytoscape application BiNGO (version 3.0.3; Maere et al. 2005) 14 
to explore the functional gene ontology (GO; Gene Ontology Consortium 15 
2015) terms associated with our differentially expressed transcripts based 16 
upon true disease history grouping. 17 
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Fig 1: Map of the locations of the 6 sites sent for sequencing based upon RNA integrity 
scores and number of animals sampled per population. Potential field sites were identified 
from the Frog Mortality Project database and a complimentary database consisting of sites 
known never to have experienced ranaviral infection. 
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Results 
Sequencing and environmental contaminant screening 
The number of reads generated per population RNA pool varied, however the 1 
variation does not appear to be related to RNA pool concentration (Table 1). 2 
Upon a first pass of our contaminant Bloom filters, a mean of 7,094,927 3 
(range 5,570,844 – 8,907,635) reads were flagged as being of potential 4 
contaminant origin within each population read set, representing a mean of 5 
3.6% of total raw reads (range 3.4 - 4.4%). A mean of 766,654 (0.4%; range 6 
484,409 – 949,915; 0.3 – 0.5 %) reads per population read set were not 7 
rescued following the application of our conservative frog filter. The 8 
percentage of hits to filters varied by taxonomic group but for a given 9 
contaminant filter the percentage of hits was generally consistent between 10 
populations (Table S4.2) The one exception was for reads identified as having 11 
a bacterial origin. Read sets from disease free populations contained 12 
considerably lower percentages of putative bacterial reads (Table 1). This 13 
discrepancy was shown to be statistically significant based on comparison of 14 
bacterial read counts per disease history group (Table 1; Kruskal-Wallis chi- 15 
squared = 3.86, df = 1, p = 0.05). 16 
 
Classification of the species diversity represented by the putative bacterial 17 
reads removed from each population library revealed a total of 1394 distinct 18 
operational taxonomic units (OTUs, approximately homologous to bacterial 19 
species). The number of putative bacterial reads that were classified to a 20 
species and the number of species identified at each population varied (Table 21 
1). The effective number of species value showed that alpha diversity of 22 
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identified bacteria was significantly higher at disease free populations (Table 1 
1; Fig 2; linear model, t=14.45, p= <0.001). Community structure was shown 2 
to be distinct between disease history groups based on count data for each 3 
identified species (Fig 2). Community structure was also distinct between 4 
disease history groups based on presence/absence data of each species (Fig 5 
2). When the observed abundance of species was ignored, similarity in 6 
community composition between positive disease history populations 7 
decreased (Fig 2), whereas disease free populations were shown to be very 8 
similar (Fig 2).  9 
 
Differential abundance analysis identified five species or OTUs that were 10 
differentially abundant between positive history and disease free populations; 11 
most notably Bacillus subtilis was found to be two orders of magnitude (~2000 12 
mapped reads vs ~200,000 mapped reads) relatively more abundant in 13 
positive history populations (Table 2). 14 
Transcriptome assembly and functional annotation	
Our pan-sample transcriptome consisted of 502,961 transcripts. The summary 15 
statistics were as follows; minimum transcript length = 500 bases, maximum 16 
transcript length = 27,425 bases, N20 = 2,107, N50 = 1,023, N80 = 648. Two 17 
hundred and forty-seven of 248 highly conserved core eukaryotic genes were 18 
present in our final transcriptome, suggesting that it was almost entirely 19 
complete (99.6%).  20 
 
We annotated 73,435 (14%) of our 502,961 transcripts by homology searches 21 
against proteins in our constructed UNIPROT database. Additionally, 241,660 22 
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(48%) were aligned to de novo frog transcriptomes from previous studies. In 1 
total 115,628 (23%) of our assembled transcripts were predicted to contain a 2 
complete or partial ORF. 3 
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Fig 2: A) Plot of the within sample (alpha) bacterial diversity as represented by the effective 
number of species value (exponent of Shannon diversity index for each population). Alpha 
diversity was shown to be significantly lower in positive disease history populations linear 
model, t=14.45, p= <0.001. B) Bray-Curtis dissimilarity MDS plot of the between sample 
similarities in bacterial community structure taking into account the abundance of each 
detected species. C) Jaccard index distance MDS plot of between sample similarities based 
on binary presence/absence data for each detected species.  
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1 
Table 1: Library preparation, sequencing and bacterial read filtering / classification results. RNA libraries consisted of pools of 6 individuals (3 males 
and 3 females) from a given population. The concentration of each individual within a pool was equalised to the concentration lowest individual within 
that pool. The concentration between RNA pools was not equalised. Reads generated = the total number of reads generated for that library. Putative 
bacterial reads = the number of reads that hit the bacterial Bloom filter but not the conservative frog Bloom filter. % total reads = percentage of the 
total reads generated identified as potentially bacterial in origin. % reads classified = the number of putative bacterial reads that were then classified 
to a species ID by Kraken. Effective number of species = the exponent of Shannon diversity index. 
Site	name Disease	history RNA	
concentration	
(ng/μl) 
Reads	
generated 
Putative	
bacterial	
reads	
%	of	
total	
reads	
%	reads	
classified	
#	
bacterial	
species	
Effective	
number	
species	
Poole Positive 37 256,258,638 279,520	 0.11	 79.88	 214	 4.23	
Deal Positive 32 191,703,502 373,377	 0.19	 92.91	 113	 2.21	
Ealing Positive 40 194,762,454 300,340	 0.15	 89.09	 193	 2.86	
Mitcham Negative 29 169,683,686 58,514	 0.03	 33.55	 470	 99.56	
Palmer’s	Green Negative 35 195,018,808 86,589	 0.04	 41.09	 490	 87.32	
Oxford Negative 41 184,674,626 88,278	 0.05	 60.58	 471	 110.21	
Table 2: Operational taxonomic units (OTU) identified as significantly differentially abundant between 
infected and uninfected populations. L2FC = Log2 fold change. 
OTU Mean abundance value L2FC Adjusted p-value 
Bacillus species 39.30 3.70 3.16E-05 
Bacillus subtilis 118260.26 4.60 1.33E-12 
Renibacterium salmoninarum 64.33 2.90 4.30E-02 
Xylanimonas cellulosilytica 39.35 3.49 5.47E-03 
Bacillus atrophaeus 26.66 2.96 1.88E-02 
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Differential expression. 
Differential expression analysis revealed no obvious clustering pattern of 1 
expression between our six sampled populations across the entire assembled 2 
transcriptome (Fig 3). The expression profile of Palmer’s Green, a disease- 3 
free population, was distinct from the other five sampled populations (Fig 3). A 4 
total of 407 transcripts were identified as being significantly differentially 5 
expressed between populations of differing disease history after correction for 6 
multiple testing (adjusted p-value ≤ 0.05; Fig 3). Of these 407 differentially 7 
expressed transcripts, 204 were found to be up-regulated in positive disease 8 
history populations and 203 were found to be down regulated. From both up- 9 
and down-regulated sets, 21 transcripts were included within our annotated 10 
protein set and all 42 of these annotated, differentially expressed transcripts 11 
mapped to unique genes. Genes up-regulated in ranavirus positive field sites 12 
had putative functions including protein formation and transport, cell 13 
membrane binding and endocytosis, inflammation, tumour suppression, 14 
mucus secretion, and blood coagulation. Those down-regulated in the same 15 
populations have putative functions pertaining to protein synthesis, transport, 16 
and transcription, carbohydrate and ketone metabolisms, regulation of cell 17 
cycle, tumour markers, as well as nervous system development and neural 18 
cell proliferation. Full gene tables are presented below (Table 3). In addition to 19 
those annotated to proteins, a further 255 of our differentially expressed 20 
transcripts were present in previously assembled frog transcriptomes from 21 
other studies. Only 12 of these 255 transcripts were predicted to contain 22 
complete ORFs 23 
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Of our 1000 permutations of differential expression analysis based upon 1 
randomly assigned disease history groupings, one distribution of populations 2 
which occurred in 90/1000 permutations was found to yield more differentially 3 
expressed transcripts than true disease history groupings (1483 vs 407 4 
differentially expressed transcripts, Fig 4). This means that the significance 5 
level attributable to our differentially expressed transcripts based on true 6 
disease groupings is 90 (number of permutations which exceeded 407 7 
differentially expressed transcripts) / 1001 (total number of permutations 8 
including our initial analysis) = p = 0.09. 9 
 
No GO categories were significantly enriched in either our up- or down- 10 
regulated differentially expressed sets when p-values were adjusted for 11 
multiple testing (Benjamini Hochberg correction for false discovery rate).  12 
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Fig 3: Euclidean distance heat maps showing between population distances in transcript 
profiles; A) Transcript profile distances based on the whole of our assembled transcriptome 
(502,961 transcripts) and B) Transcript distances based on transcripts identified as 
differentially expressed between populations of disease history classes (407 transcripts). Red 
bars at the start of columns or rows indicates a positive disease history population whilst a 
blue bar indicates a disease free population. 
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Table 3: A) Annotated transcripts with positive fold change in positive disease history 
populations. L2FC = Log2 fold change. Table is ordered by descending fold change. B) 
Annotated transcripts with negative fold change in positive disease history populations. L2FC 
= Log2 fold change. Table is ordered by ascending fold change. Transcripts were annotated 
by alignment to a custom UNIPROT annotation database containing vertebrate gene 
annotations. 
A	
Protein	annotation L2FC Adjusted	p-value 
ATP-binding	cassette	sub-family	B	member	10	 3.68	 7.77E-12	
Immunoglobulin	lambda	variable	3-1	 3.01	 5.17E-06	
Mucin-2	 2.92	 8.03E-05	
Urokinase	plasminogen	activator	surface	receptor	(U-PAR)	 2.92	 7.42E-07	
Sialic	acid	synthase		 2.87	 3.23E-09	
MICAL-like	protein	2	(MICAL-L2)	 2.59	 2.14E-05	
NECAP	endocytosis-associated	protein	1	(NECAP-1)	 2.57	 0.00145	
P2Y	purinoceptor	6	(P2Y6)	 2.40	 0.00355	
Olfactory	receptor	8D2		 2.27	 0.00483	
Endogenous	retrovirus	group	K	member	18		 2.27	 0.01423	
LINE-1	retrotransposable	element	ORF2	protein	(ORF2p)	 2.25	 0.01588	
PQ-loop	repeat-containing	protein	3	 2.19	 0.02756	
Glioma	tumor	suppressor	candidate	region	gene	2	protein	(p60)	 2.15	 0.02504	
Adenine	DNA	glycosylase	(rMYH)	 2.10	 0.00316	
Nucleotide-binding	oligomerization	domain	protein	14	 2.00	 0.04545	
Mediator	of	RNA	polymerase	II	transcription	subunit	4	 1.95	 0.00861	
SH2	domain-containing	protein	5	 1.87	 0.00363	
PiggyBac	transposable	element-derived	protein	4	 1.78	 0.03431	
Titin	(Connectin)	 1.66	 0.02768	
Coagulation	factor	V		 1.62	 0.01933	
Basic	phospholipase	A2	DsM-b1/DsM-b1'	(svPLA2)	 1.59	 0.04505	
B	
Protein	annotation	 L2FC	 Adjusted	p-value	
Docking	protein	4	(DOK4)	 -3.28	 2.44E-10	
SH3	domain	and	tetratricopeptide	repeat-containing	protein	1	 -3.12	 4.08E-06	
tRNA	uracil-methyltransferase	homolog	(TRM2)	 -3.01	 1.77E-05	
UDP-glucose	4-epimerase	 -2.47	 0.00169	
Arf-GAP	with	dual	PH	domain-containing	protein	1	 -2.37	 0.00878	
Protein	Noxp20	 -2.26	 0.01110	
Transmembrane	protease	serine	3	(TADG-12)	 -2.22	 0.00374	
Zinc	metalloproteinase-disintegrin-like	kaouthiagin-like	 -2.21	 0.02463	
Phenylalanine-tRNA	ligase	alpha	subunit	 -2.14	 0.04549	
Oligophrenin-1	 -2.14	 0.00131	
Cilia-	and	flagella-associated	protein	54	 -2.09	 0.04897	
Preprofallaxidin-7		 -2.08	 2.51E-06	
Protein	disulfide-isomerase	(PDI)	 -2.01	 0.02405	
LINE-1	retrotransposable	element	ORF2	protein	(ORF2p)	 -1.96	 0.01656	
Succinyl-CoA:3-ketoacid	coenzyme	A	transferase	2A	 -1.95	 2.97E-05	
DNA	repair	protein	(REV1)	 -1.87	 0.00707	
Dystrophin	 -1.86	 6.82E-07	
Vacuolar	protein	sorting-associated	protein	35	 -1.82	 0.04317	
Heat	shock	protein	beta-1	(HspB1)	 -1.79	 0.02703	
G2/mitotic-specific	cyclin-B1	 -1.71	 0.04421	
Immunoglobulin	superfamily	DCC	subclass	member	4	(DDM36)	 -1.48	 0.02968	
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Discussion 
Differential expression 
Although across the whole of our transcriptome there was no obvious 1 
clustering of expression profiles between our six sampled populations, we 2 
identified a relatively small suite of 407 transcripts, both up- and down- 3 
regulated, that showed strong clustering within disease history classes. 4 
Though our permutational analysis revealed that we cannot entirely rule out 5 
that this result is due to chance (p = 0.09), this does not warrant the dismissal 6 
of our differential expression findings based on true disease history groupings. 7 
However, it does highlight the need for cautious interpretation of our results at 8 
this stage due to the large number of transcripts that were assembled and the 9 
relatively low number of replicate populations. 10 
 
Fig 4: Histogram of the number of differentially expressed transcripts computed by 1000 
permutational runs of DESeq2. The red bar represents the number of differentially expressed 
transcripts based on true disease history groups, all other bars show the frequency of number 
of differentially expressed transcripts under random groupings.  
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Below we will discuss those genes identified as differentially expressed that 1 
are potentially most interesting given what is currently known about ranavirus 2 
immunology and pathology.  3 
Up-regulated genes 
Inflammation plays a key role both in the early amphibian response to 4 
ranaviral infection (Morales et al. 2010) and the pathogenicity of ranaviruses 5 
(Grayfer et al. 2014). The highest fold change of any gene up-regulated in 6 
positive disease history populations was associated with ATP binding 7 
cassette transporter 10, which has been shown to be essential to the 8 
formation of haeme in mice (Yamamoto et al. 2014). Haeme, when liberated 9 
from larger proteins (such as haemeoglobin) is known to play a key role in 10 
cellular damage caused by pro-inflammatory pathogens (Yamamoto et al. 11 
2014; Liu, Hassana & Stiles 2016). A host inflammatory response gene (NLR 12 
family pyrin domain containing 13; NLRP13) was also up-regulated in positive 13 
disease history populations. 14 
 
Following initial inflammatory and innate immune response, clearance of 15 
ranaviral infection in X. laevis is dependent on the adult frogs’ ability to mount 16 
a robust adaptive, anti-viral immune response. This includes increased 17 
production of specific antigen receptors (Grayfer et al. 2014) and the 18 
production of immunoglobulins that protect against re-infection (Maniero et al. 19 
2006). Two genes that can be linked to such responses also appear in our up- 20 
regulated gene list: Immunoglobulin lambda variable 3-1, which has the 21 
second highest fold change of any up-regulated gene, and endogenous 22 
retrovirus group K member 18 (ERVK-18).  23 
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Ranaviruses are known to cause damage to the epithelial membranes of the 1 
skin and internal organs of infected individuals (Cunningham et al. 2007; 2 
Bayley et al. 2013). Mucin, a gene related to the protection of epithelial 3 
membranes, and two genes involved in blood coagulation (Coagulation factor 4 
5 and Urokinase plasminogen activator surface receptor) were found to be up- 5 
regulated in positive disease history populations. Potentially, representing a 6 
response that enables individuals from populations likely to experience 7 
ranavirus infection to mitigate the impact of acute symptoms, such as internal 8 
and external haemorrhage. 9 
  
There is evidence that the very same frog populations used for the present 10 
study have developed an assortative mating pattern, potentially based on 11 
major histocompatibility complex (MHC) genotype (Teacher 2008; Teacher et 12 
al. 2009b). MHC genotype is often advertised by chemo-olfactory cues 13 
(Wedekind et al. 1995; Eizaguirre et al. 2011) so up-regulation of the olfactory 14 
receptor OR8D2 in positive disease history populations is striking, particularly 15 
given that these animals were sampled during the breeding season when 16 
such assortative behaviours are likely exhibited. 17 
Down-regulated genes 
The largest fold change seen in the down-regulated gene set is Docking 18 
protein 4 (DOK4). DOK4 is involved in the regulation of T-Cell mediated 19 
immune response. This is potentially surprising as the importance of T-Cells 20 
in clearing FV3 infection in X. laevis has been noted (Robert et al. 2005). This 21 
reduction in transcript levels of DOK4 could suggest reduced T-Cell mediated 22 
immune capability in R. temporaria populations with a positive history of 23 
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ranavirus infection. However, observations in X. laevis show that a reduction 1 
in T-Cell response can also represent increased immune competency and 2 
specificity of response (Morales & Robert 2007).   3 
 
A potential anti-microbial peptide, Preprofallaxidin-7, was also down-regulated 4 
in positive disease history populations. This is again surprising as the 5 
importance of amphibian anti-microbial peptides in the deactivation of 6 
ranaviruses has been demonstrated (Chinchar et al. 2001).  7 
 
Little is known about how ranavirus impacts the development of the nervous 8 
system but it is known that the brain is an important site of infection (De Jesús 9 
Andino et al. 2016) and neural development and proliferation of nerve cells is 10 
often negatively impacted by viral infection (Tsutsui 2009; Cordeiro, Tsimis & 11 
Burd 2015). Ranavirus infection has also been shown to impact whole 12 
organism development (St-Amour et al. 2010) and to increase developmental 13 
rates (Warne et al. 2011). We found three genes related to the development 14 
of the nervous (Oligophrenin-1 and Fam114a1) and muscular systems 15 
(Dystrophin) to be down-regulated in positive disease history populations. 16 
Though a decrease in transcript numbers related to organismal development 17 
may suggest reduced developmental rate, it should be noted that the animals 18 
sampled for this study were breeding adults; so while this is plausible, it is 19 
also possible that the individuals sampled from positive history populations 20 
were older and more developmentally advanced that those collected in 21 
disease free populations. 22 
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Although we again urge caution in the interpretation of this list, given that 1 
nothing at all is presently known about the immunological response of R. 2 
temporaria to ranaviruses, the genes discussed above, along with others 3 
presented in Table 3 would make good candidates for further, targeted 4 
investigation.  5 
No evidence of a coherent transcriptional response 
Potentially important genes appear to be both up- and down-regulated in 6 
positive disease history populations. This fact, coupled with a lack of 7 
significant enrichment in any particular functional pathways suggest that 8 
changes in transcriptional profile observed in R. temporaria populations with a 9 
positive disease history of ranavirus, may not be beneficial in terms of 10 
combating ranaviral infection. This potentially manifests in the continued 11 
susceptibility of previously infected populations and individuals to reinfection 12 
and recurrent mass mortality events (Cunningham et al. 2007; Teacher et al. 13 
2010). 14 
 
The RNA pooling approach that we used for this experiment reduced the 15 
amount of inter-individual variation in gene expression that could be detected, 16 
resulting in a bias towards the detection of only those transcripts that are most 17 
significantly differentially expressed between the pools (Alvarez et al. 2015). 18 
This may explain the relatively low number of differentially expressed 19 
transcripts when compared to disease challenged amphibians of other 20 
species and of R. temporaria itself to other pathogens (Cotter et al. 2008; 21 
Ellison et al. 2015; Price et al. 2015).  22 
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However, R. temporaria experimentally exposed to ranavirus by Price et al. 1 
(2015) showed almost no response at the transcript level suggesting that a 2 
potentially weak transcriptional response to even acute ranaviral infection may 3 
be a true reflection of the immune capabilities of R. temporaria and thus 4 
contributory to their high susceptibility to disease. However, due to flaws in 5 
experimental design it should be noted that it is possible that the fold changes 6 
in baseline expression of control vs. exposed animals observed by Price et al. 7 
(2015) were not large enough to reveal differential gene expression. 8 
Additionally, transcript response in amphibian immunity is known to be tissue 9 
specific (eg. Ellison et al. 2015), so the possibility that both the present study 10 
and previous studies have missed more robust transcript-level responses to 11 
ranaviral infection in other tissues or organs can also not be dismissed. 12 
 
The diversity of function in our differentially expressed, annotated gene set 13 
and our relatively low numbers of functionally annotated transcripts 14 
(compared to the number of contigs in our assembled transcriptome) is 15 
potentially responsible for the lack of significant enrichment of any one 16 
functional pathway. However, functional enrichment was recorded in response 17 
to ranaviral infection in the Mexican axolotl (Ambystoma mexicanum; Cotter et 18 
al. 2008). Although this can be explained by the use of more target specific 19 
microarray techniques, yielding differentially expressed genes from fewer 20 
functional pathways, all of which were functionally annotated.  21 
Suggestion of a role for long non-coding RNA 
Our annotation pipeline was only able to identify those protein-coding genes 22 
that have been discovered and functionally evaluated in other vertebrates. 23 
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However, aside from our 42 annotated protein-coding genes an additional 255 1 
transcripts that were differentially expressed between disease history groups 2 
were found to be present in previously constructed de novo amphibian 3 
transcriptomes. Only 12 of these 255 transcripts were predicted to have 4 
protein coding potential. The lack of ORF and length (>200bp) of these 5 
transcripts presents the possibility that some of the remaining 243 may be 6 
long non-coding RNAs (lncRNA). It has long been acknowledged that non- 7 
coding RNA has numerous important regulatory roles in vertebrates (see 8 
Pang et al. 2005) and recent work has been shedding light on their 9 
importance to vertebrate immune surveillance and response (Guttman et al. 10 
2009; Carpenter et al. 2013). Differential expression of non-coding RNAs has 11 
been reported in response to viral infections in several species (Chicken, 12 
Ahanda et al. 2009; Mice, Peng et al. 2010; Humans, Yin et al. 2013) but their 13 
expression in amphibian disease responses is unevaluated. This result 14 
suggests that lncRNA may form a large proportion of the differentially 15 
expressed transcripts between populations of varying ranaviral disease 16 
history.  17 
Novel approach to wildlife transcriptomics 
Harnessing the potential of RNA-Seq to examine the transcriptional profiles of 18 
wild animals requires that contamination be minimised. However, traditional 19 
approaches to the removal of contaminant read data, consisting of limited 20 
alignment protocols against the genomes of humans and Escherichia coli 21 
bacteria (e.g. Yang et al. 2012), rarely encompass the possible range of 22 
contaminants of a wild derived RNA sample. Our adoption of RNA-Seq read 23 
filtering techniques previously utilised in clinical genomics studies (e.g Strong 24 
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et al. 2014; Jeraldo et al. 2015, 2016; Zheng et al. 2016; Burk et al. 2017) has 1 
allowed us to overcome the challenge of contamination in wild collected 2 
samples, facilitating the identification and separation of potential contaminant 3 
reads from those of the organism of interest. 4 
 
In the present study, read sets from populations with a positive history of 5 
ranaviral infection contained significantly more bacterial reads than those from 6 
disease free populations. Subsequent, analysis found that the detectable 7 
bacterial species diversity in samples from positive populations was 8 
significantly lower than disease free populations, with positive commensal 9 
communities being dominated by a single species, Bacillus subtilis. The 10 
bacterial community composition between the populations of different disease 11 
history was also shown to be distinct (Fig 3). Additionally, when distances 12 
between each population’s microbial community structure were computed 13 
based on presence/absence data, rather than species abundance counts, 14 
community structure was found to be highly similar between disease free 15 
populations but more divergent in positive disease history populations (Fig 3). 16 
This suggests that divergence between positive history and disease free 17 
populations is caused by species assemblage and abundance, whereas as 18 
the similarity observed within positive history populations is mainly based 19 
upon the abundance of the most prominent species.  20 
 
Five bacterial OTUs were identified as differentially abundant between 21 
disease history groups. In particular, B subtilis, was found to be two orders of 22 
magnitude more abundant in positive history versus disease free populations. 23 
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A well-known probiotic, Bacillus subtilis has been shown to increase immune 1 
function of fish and reduce the impact of infectious diseases in aqua-culture 2 
(Aly et al. 2008; Liu et al. 2012; Ran et al. 2012). Although B. subtilis is 3 
present in many fish care products, no such products have been used at the 4 
frog populations sampled in this study. This presents the possibility that the 5 
huge overabundance of this potentially beneficial bacterium could represent 6 
an adaptive change in host microbiome that may infer greater resistance to 7 
ranaviruses.  8 
	
However, ranaviruses have previously been shown to co-infect with several 9 
other microorganisms in both wild (Landsberg et al. 2013; Whitfield et al. 10 
2013; Warne et al. 2016) and captive amphibian populations (Miller et al. 11 
2016). An alternative explanation is therefore that these relatively more 12 
abundant bacterial species are exploiting the potentially immune- 13 
compromised hosts in ranavirus positive populations to establish themselves 14 
at higher levels on amphibian skin.  15 
 
A growing body of work has examined links between the amphibian skin 16 
microbiome and Bd, which are now known to be intimately linked. Infection 17 
with Bd has been shown to alter the structure of the commensal bacterial 18 
communities on amphibian skin (Jani & Briggs 2014; Woodhams et al. 2014) 19 
and several species of bacteria isolated from amphibian skin have been 20 
shown to inhibit Bd in the laboratory (Park et al. 2014; Antwis et al. 2015). In 21 
fact, the structure of amphibian microbial communities has been shown to be 22 
an effective predictor of disease risk associated with Bd (Woodhams et al. 23 
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2014; Becker et al. 2015; Jani, Knapp & Briggs 2017) and it is postulated that 1 
the relative immunity of R. temporaria to Bd infection may be due to the 2 
microbiota present on their skin (Woodhams et al. 2014). Laboratory studies 3 
have also demonstrated that a more diverse skin microbiome increases 4 
survival of captive-reared R. temporaria experimentally infected with ranavirus 5 
(Harrison et al. 2017). Though incidental, our findings suggest that a 6 
relationship may also exist between the skin microbial communities of R. 7 
temporaria and ranaviruses in the wild. 8 
  
Exactly how a host’s microbiome is impacted by a pathogen depends on its 9 
pre-infection state (Jani & Briggs 2014; Becker et al. 2015; Harrison et al. 10 
2017; Longo & Zamudio 2017). With no knowledge of the structure of the 11 
amphibian skin microbiomes at positive disease history populations prior to 12 
disease outbreak it is not possible to know whether potential changes in the 13 
microbiome structure are a cause or consequence of infection.  14 
 
It is also important to note that these findings are based on reads generated 15 
as a bi-product of shotgun RNA sequencing. This means that the read counts 16 
mapping to each species may not represent those species which are most 17 
abundant in the skin microbial communities in terms of biomass but those 18 
species which are expressing some portion of their genome at the highest 19 
levels. For example, it may not be that B. subtilis is necessarily two orders of 20 
magnitude more abundant in positive disease history populations but that the 21 
B. subtilis that are present are expressing a portion of their genome at a level 22 
two orders of magnitude higher than in disease free populations.  23 
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Elucidating the nature and direction of this potential relationship along with its 1 
underlying mechanisms will require the application of several complimentary 2 
approaches but is no doubt worthy of the required research effort. As our 3 
finding relies on tissue samples of a small number of individuals, a more 4 
comprehensive study of the interaction between ranaviruses and the structure 5 
of amphibian microbiomes in the wild would prove initially valuable. The use 6 
of a more traditional method of community classification such as 16S rRNA 7 
amplicon sequencing would demonstrate whether the over abundance of B. 8 
subtilis observed here is due to increased biomass of that species or 9 
potentially elevated levels of gene expression. Additionally, investigations of 10 
the interaction between ranaviruses and B. subtilis both in vivo and in vitro 11 
might prove greatly important as understanding potentially inhibitory 12 
interactions between commensal bacteria and ranaviruses may lead to 13 
innovative use of probiotics in disease mitigation strategies, similar to those 14 
already observed in response to Bd (eg. Woodhams et al. 2014) or in 15 
aquaculture (eg. Aly et al. 2008). 16 
Conclusion and future directions 
Our results suggest that a disease history of ranavirus may alter the gene 17 
expression profile of wild R. temporaria populations but that such changes 18 
may not be associated with heightened ability to cope with the presence of the 19 
of a ranavirus. We provide a set of 42 candidate genes which form a good 20 
basis from which to begin a more extensive study of the response of R. 21 
temporaria to ranaviral infection.  22 
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We also found that a large number of differentially expressed transcripts, that 1 
we were unable to annotate to currently described vertebrate protein coding 2 
genes, appear to possess no open reading frame. This fact, along with their 3 
length, suggests that they could be long non-coding RNAs. There is growing 4 
recognition of the role that lncRNA plays in the response of various 5 
vertebrates to viral infections, so a more concerted effort to evaluate the 6 
expression of lncRNAs in amphibian response to disease is warranted.  7 
 
The incorporation of a novel read filtering technique has provided us with 8 
evidence of a relationship between ranaviruses and the bacterial communities 9 
inhabiting amphibian skin in the wild. The relationship between pathogens and 10 
amphibian disease is a burgeoning area of research in relation to fungal 11 
pathogens, therefore, targeted further investigation into how ranaviruses and 12 
amphibian microbiomes interact is timely and the implications of such 13 
research for amphibian conservation are potentially profound.  14 
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Chapter 5: Does originating from a population 
with a history of ranaviral infection alter the 
amphibian skin microbiome? 
 119 
Abstract. 
There is growing appreciation of the importance of commensal bacterial 1 
communities (termed the microbiome) in ensuring the normal function and 2 
health of their hosts. For example, the microbiome is intimately involved in 3 
how a host responds to infection. A range of infectious diseases is threatening 4 
amphibians worldwide and the complexity of interactions between amphibian 5 
hosts, pathogen and the microbiome is beginning to come to light. Here we 6 
provide evidence that prior exposure to lethal viral pathogens belonging to the 7 
genus Ranavirus changes the skin microbiome of wild adult European 8 
common frog (Rana temporaria) populations. Over 200 individuals were 9 
sampled from five populations with and five populations without a positive 10 
history of ranaviral infection. Using 16S rRNA amplicon sequencing, we found 11 
that originating from a population that has a positive history of ranavirus 12 
related mortality is a significant predictor of skin microbial community 13 
composition, though the mechanisms underlying this effect and what it means 14 
for the disease dynamics of this host-pathogen system remain to be 15 
discovered. Conversely, neither individual age, body length or sex had an 16 
impact on host microbiome composition. 17 
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Introduction 
Interactions between animals and their commensal microbial communities 1 
(the microbiome) are critical to the normal functioning and survival of host 2 
species (McFall-Ngai et al. 2013). The importance of symbiotic bacteria has 3 
been demonstrated in a number of host processes including proper digestion 4 
and metabolism (Turnbaugh et al. 2006), development (Heijtz et al. 2011), 5 
inflammatory response (Honda & Littman 2012) and even the modulation of 6 
social behaviours (Theis et al. 2013). Additionally, the microbiome is known to 7 
influence how hosts are impacted by infections in a wide range of species 8 
(see review by Ford & King 2016). Commensal bacteria can defend their 9 
hosts against infection via direct (microbe dependant) or indirect (host 10 
dependant) mechanisms. Direct mechanisms may include predating upon or 11 
parasitising pathogens (Tollenaere et al. 2014), competitively excluding 12 
pathogens from obtaining adequate resources for survival or proliferation 13 
(Mideo 2009; Hibbing et al. 2010) or the secretion of toxic compounds that 14 
may destroy or inhibit the growth of a co-occurring infective agent (Rollins- 15 
Smith 2009; Gerardo & Parker 2014). Indirectly, protective bacterial species 16 
within the microbiome may initiate or enhance the host immune response to a 17 
pathogen (Gerardo & Parker 2014) or reduce the deleterious impact of 18 
infecting organisms by promoting host fitness, without negatively impacting 19 
the pathogen itself (Råberg 2014). 20 
 
The emergence of infectious disease is a major contributing factor in the on- 21 
going declines of amphibian biodiversity worldwide (Daszak et al. 1999). 22 
Considerable recent research effort has been devoted to studying the 23 
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interaction between amphibian hosts, their commensal microbial communities 1 
and their pathogens. Different amphibian species possess distinct 2 
microbiomes (Kueneman et al. 2014; Rebollar et al. 2016a) but natural 3 
variation in the species composition and diversity of the microbiome exists 4 
between populations of the same species (Kueneman et al. 2014). Such 5 
variation is thought to be driven in part by the microbial diversity of an 6 
individual’s environment, which acts as a reservoir of the bacterial species 7 
which can colonise amphibians (McKenzie et al. 2012; Kueneman et al. 2014; 8 
Loudon et al. 2014a), but also by abiotic factors of the environment such as 9 
temperature and precipitation levels (Walke et al. 2014a; Longo et al. 2015; 10 
Longo & Zamudio 2017). Amphibian microbiomes can also change drastically 11 
during metamorphosis and the transition from juvenility to adulthood 12 
(Kueneman et al. 2014; Longo et al. 2015). 13 
 
The relationship between amphibian commensal bacteria and amphibian 14 
pathogens has been shown to be bilateral, though work in this area has 15 
almost exclusively (but see Federici et al. 2015) been directed towards the 16 
best studied emerging amphibian pathogen, the lethal fungus 17 
Batrachochytrium dendrobatidis (Bd). Various species of bacteria isolated 18 
from amphibian skin have been shown to inhibit Bd in vitro (Woodhams et al. 19 
2007; Flechas et al. 2012) and in vivo (Kueneman et al. 2016). Additionally, 20 
infection with Bd causes the species composition of commensal bacterial 21 
communities to change, both in the wild and under laboratory conditions (Jani 22 
& Briggs 2014). It has also been shown that the species composition of the 23 
bacteria found on amphibian skin prior to Bd exposure is a key predictor of 24 
 122 
individual survival and population persistence (Becker et al. 2015; Jani et al. 1 
2017). Importantly, the skin dwelling bacterial communities of conspecific 2 
amphibians have been found to be distinct between populations which have 3 
suffered large scale declines due to Bd infection and populations which 4 
appear to be more resistant to disease (Woodhams et al. 2007; Lam et al. 5 
2010; Rebollar et al. 2016a). Accordingly, the potential of Bd mitigation 6 
strategies implementing probiotic treatments is an active area of research 7 
(Bletz et al. 2013; Woodhams et al. 2014; Becker et al. 2015; Kueneman et al. 8 
2016). 9 
 
Fungal pathogens are not the only infectious agents to threaten amphibians. 10 
Recent decades have seen the global emergence of viral pathogens 11 
belonging to the genus Ranavirus (Miller et al. 2011). Ranaviruses are a 12 
group of very large, double stranded DNA viruses that are capable of infecting 13 
and causing significant morbidity and mortality in all classes of ectothermic 14 
vertebrates (Price et al. 2017a). Individuals suffering from clinical ranavirus 15 
infection (ranavirosis) often exhibit severe dermal ulceration, emaciation and 16 
haemorrhage (Cunningham et al. 1996; Balseiro et al. 2009; Miller et al. 17 
2011). Ranavirosis is commonly fatal and has been known to cause mass 18 
mortality events in infected populations (Green et al. 2002). Ranaviruses are 19 
also thought to pose an extinction threat to amphibians (Earl & Gray 2014) 20 
and are thought to be responsible for greater than 80% declines observed in 21 
infected UK populations of the European common frog (R. temporaria; 22 
Teacher, Cunningham & Garner 2010).  23 
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Despite their severity, the study of how ranaviruses interact with the 1 
amphibian microbiome is in its infancy compared to what is already known of 2 
such interactions with Bd. Harrison et al. (2017) demonstrated that the 3 
species diversity of the bacterial communities present on the skin of captive- 4 
reared R. temporaria was positively correlated with the ability of the skin 5 
microbiome to resist disturbance caused by infection with a ranavirus. This 6 
study also found that animals with a less diverse skin microbiome were more 7 
likely to succumb to ranavirus infection in a laboratory trial. Campbell et al 8 
(2017; Chapter 4 herein) found indirect evidence of an interaction between 9 
ranavirus and commensal bacterial community structure in the wild. 10 
Contaminant bacterial read sets filtered from transcriptional data collected on 11 
wild caught adult R. temporaria varied significantly in their species 12 
composition and diversity based on population ranaviral disease history. 13 
Populations with a positive disease history of ranavirosis exhibited a far higher 14 
percentage of contaminant bacterial reads yet apparent reduced bacterial 15 
diversity, with one species, Bacillus subtilis, dominating the documented 16 
species assemblage. Besides these two examples, nothing is known about 17 
how ranaviruses influence the amphibian microbiome and no targeted study 18 
has evaluated the interaction of ranaviruses and amphibian skin microbiomes 19 
in the wild. 20 
 
In light of the findings of Campbell et al (2017; Chapter 4 herein) and working 21 
within the same comparative field system that exists in the United Kingdom 22 
(see Price et al. 2016), we used 16S rRNA amplicon sequencing to categorise 23 
and compare the skin microbiome of wild adult R. temporaria from populations 24 
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of known ranaviral disease history. In addition to tissue samples, we collected 1 
a suite of phenotypic data including the sex, size and age of each animal, 2 
allowing us to probe variation in the microbiome due to variables other than 3 
the population of origin or population disease history. We aimed to test the 4 
hypotheses that: i) the bacterial community structures detected on the skin of 5 
frogs originating from positive disease history populations would be distinct 6 
from those of frogs from putatively disease free habitats and ii) that bacterial 7 
communities would vary based on age, body size and sex of sampled frogs. 8 
Methods 
Sample collection and processing 
Potential field sites were drawn from the Frog Mortality Project (see Price et 9 
al. 2016) database of R. temporaria populations known to have experienced 10 
at least one mass mortality event due to ranavirosis (and continued elevated 11 
mortality) and a complimentary database of R. temporaria populations that 12 
have never experienced disease (see, Teacher, Cunningham & Garner 2010 13 
for more detailed selection criteria). Five populations of each disease history 14 
were chosen (Fig 1). The onset of R. temporaria breeding in the UK is linked 15 
to latitude, with more southerly populations breeding earliest. Selected 16 
populations were therefore monitored by field site owners throughout the 17 
spring breeding season (late January to early April). Each field site was 18 
attended independently on separate days, when field site owners estimated 19 
that the assembled breeding population was at its maximum size (compared 20 
to previous annual records). All field sites were sampled between January and 21 
March (see Table S5.1). Each field site was attended for one day. As many 22 
frogs as possible were captured from each population. Frogs were sexed 23 
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phenotypically by the presence of nuptial pads on the fore limbs of males and 1 
the snout to vent length (SVL) of each frog was measured using 0.1mm scale 2 
callipers. The distal portion of the first digit of a forelimb of each frog was 3 
clipped using surgical scissors. To minimise the potential for pain and the 4 
possibility of cross infection, a topical disinfectant that contained an analgesic 5 
(Bactine; WellSpring Pharmaceutical, Florida, USA) was applied to the 6 
surgical area after the procedure. Surgical equipment was sterilised with 7 
ethanol after every individual sampled. Toe clips were placed into separate 8 
1.5ml micro-centrifuge tubes containing 1ml of RNA-later nucleic acid 9 
stabilisation buffer (Ambion, California, USA) and frozen at -80oC. After 10 
sampling, all animals were immediately released at the point of capture. The 11 
number of individuals sampled per each population varied between 4 12 
(Witham) and 61 (Mitcham and Palmer’s Green) with a mean of 30 animals 13 
sampled per site (Supplemental Table S5.1). 14 
 
We removed the soft tissue from each toe clip and extracted DNA using a 15 
DNeasy blood and tissue 96-well DNA extraction kit (QIAGEN, Hilden, 16 
Germany) with a modified protocol. To increase the degree to which our DNA 17 
extracts represented the true bacterial diversity present on the skin of 18 
sampled frogs we added a preliminary digestion step using the enzyme 19 
mutanolysin and bead beating. Both of these measures have been shown to 20 
increase the efficacy of cell lysis of gram positive bacteria, which are often 21 
underrepresented in bacterial diversity assays (Yuan et al. 2012). Toe clips 22 
were placed into 1.5ml micro centrifuge tubes that contained 177µl of kit lysis 23 
buffer plus 3µl of 25KU/ml mutanolysin (Sigma Aldrich, Missouri, USA). Five 24 
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steel lysis beads were added to each tube and the tubes were agitated at 1 
2000 hertz for 4 minutes using a Qiagen Tissue Lyser (QIAGEN, Hilden, 2 
Germany). Toes were then incubated with shaking (180rpm) at 37oC for one 3 
hour. Following incubation, 20µl of kit supplied Protinease K was added to 4 
each micro centrifuge tube and the samples were incubated at 55oC for 5 5 
hours. Samples were then transferred into 96-well spin column extraction 6 
plates and DNA was extracted according to manufacturer’s instructions. 7 
The age of each captured frog was calculated using skeletochronology 8 
(determination of age by counting growth rings in clipped toe bones) following 9 
the protocol of Miaud, Guyétant & Elmberg (1999) with the minor 10 
modifications as reported in Campbell et al (2017; chapter 6 herein). 11 
	
Fig 1: Map of sampled populations within the southern United Kingdom. To minimise potential 
environmental bias, differential abundance analysis and indicator species analyses were 
restricted to those populations within the area outlined by the black circle. 
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16S amplification and sequencing 
To ensure that we obtained an adequate number of sequencing reads per 1 
sample, we sequenced DNA extracts from a maximum of 30 individuals per 2 
population. For populations where less than 30 individuals were sampled, 3 
extracts from all frogs were sequenced. For those populations where more 4 
than 30 individuals were sampled, extracts from a haphazard subset of 15 5 
males and 15 female frogs were sequenced. If less than 15 females were 6 
caught then all females were sampled with the remainder of the 30 individuals 7 
per site made up from randomly selected male frogs. In total we sequenced 8 
the commensal bacterial communities of 203 frogs (Table S5.1). 9 
 
Amplicon libraries were generated using a modified version of the dual 10 
indexed amplification method developed by Kozich et al. (2013) which 11 
amplifies the V4 region of the bacterial 16S rRNA gene. Each sample was 12 
assigned a different combination of two indexed primers and PCR 13 
amplification was performed in triplicate for each sample. Replicate PCRs for 14 
each sample were combined and PCR reaction artefacts were removed using 15 
the AMPure magnetic bead clean up system (Agencourt Biosciences, Texas, 16 
USA). 17 
 
One micro litre of each cleaned sample was pooled into a single library. The 18 
purity and product specificity of the pooled library was analysed on a 19 
Tapestation (Agilent Technologies, California, USA). The concentration of 20 
three replicated samples of the entire library were quantified on a Qubit 21 
(Invitrogen, California, USA). We prepared a 3.5pm dilution of our total pool 22 
and to 950µl of this dilution we added 10µl of an equal molarity of the PhiX 23 
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sequencing standard (Illumina, California, USA). We quantified the 1 
concentration of each sample within our pooled library by sequencing on a 2 
MiSeq machine using the v2 300 cycle Nano chemistry (Illumina, California, 3 
USA). MiSeq Nano cartridges produce approximately half of the sequence 4 
data produced by a full MiSeq sequencing run. From this data, we were able 5 
to compute the relative abundance of reads per sample. This enabled us to 6 
calculate the exact quantity of each sample required to produce a final 7 
equimolar pool so that each sample was approximately evenly represented in 8 
our final sequencing dataset. From our equimolar pool, paired 250 base pair 9 
reads were generated on a MiSeq machine using a 500 cycle, v3 chemistry, 10 
sequencing cartridge (Illumina, California, USA). 11 
Bioinformatics and statistical analyses 
We used the R (R Core Team 2014) package DADA2 (Callahan et al. 2016) 12 
to process our raw sequence data. Reads were quality scored and trimmed at 13 
the first appearance of a base with a quality score of two or lower. Forward 14 
reads are expected to be of higher quality so forward reads of trimmed length 15 
shorter than 240 bases and reverse reads of trimmed length 160 bases or 16 
fewer were excluded from our dataset. Reads that contained any non- 17 
assigned bases (N) were also excluded, as were reads with an expected error 18 
rate higher than two. Any reads that matched the PhiX sequencing standard 19 
genome were also removed at the read quality screening stage. 20 
 
DADA2 partitions sequencing error in each read from true genetic diversity 21 
and categorises reads together into “sequence variants” (SVs), rather than the 22 
more commonly used operational taxonomic units (OTUs), which have 23 
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recently been shown to return unacceptable levels of falsely identified 1 
bacterial diversity (Edgar 2017). The SVs present in our sequence dataset 2 
were computed and paired reads were merged into single consensus reads. 3 
Chimeric sequences were removed from the dataset. We assigned our SVs to 4 
taxonomic groupings at the genus level by comparison with the SILVA 5 
ribosomal RNA database (Quast et al. 2013) from within the DADA2 package. 6 
 
We used the R package phyloseq (McMurdie & Holmes 2013) for further 7 
analysis. We removed one sample from Palmer’s Green that completely failed 8 
to sequence from our dataset. Additionally, reads identified as bacterial 9 
species belonging to the genera Halomonas and Pseudoalteromonas, which 10 
are known contaminants of DNA extraction kits, and any reads assigned 11 
eukaryotic origin were also removed. To narrow the focus of downstream 12 
analysis to the likely most important SVs present in our dataset, we created a 13 
subset of our data that contained only those SVs that contributed greater than 14 
0.1% of our total generated reads (eg. Rebollar et al. 2016). 15 
Alpha diversity 
To account for biases introduced by differences in individual library sizes we 16 
randomly subsampled (rarefied) all libraries down to the size of the smallest 17 
using the rarefy function of phyloseq. This resulted in a total of 6,367 reads 18 
per sample. 19 
 
Alpha diversity refers to the taxonomic diversity of bacteria present within a 20 
single sample (Jiménez & Sommer 2017), in this case a single frog. We used 21 
phyloseq to calculated the Shannon alpha diversity index of SVs represented 22 
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by the rarefied library of each sample. We chose to calculate the Shannon 1 
diversity index as it is easily converted to an effective number of species value 2 
which is a better representation of the true species diversity within a sample 3 
and allows for more intuitive interpretation of observed changes in diversity. 4 
Effective number of species can be calculated from any standard diversity 5 
measure (Shannon, Simpson, etc.), so avoiding the issue of a largely 6 
subjective choice between them and allowing for easier comparison and 7 
repeatability between studies (Jost 2006). We computed the effective number 8 
of species value for each sample by calculating the exponent of that samples 9 
Shannon diversity index (Jost 2006). To investigated the impact of disease 10 
history and other demographic and environmental variables on this value we 11 
constructed a linear mixed effects regression model (LMER) using the R 12 
package lme4 (Bates et al. 2015). The effective number of species score of 13 
each sample was fitted as the response variable with disease history of 14 
population of origin as well as the age, snout to vent length and sex of each 15 
individual fitted as fixed explanatory variables. We controlled for variation in 16 
effective number of species between populations not explained by any of our 17 
fixed effects by the inclusion of population of origin as a random explanatory 18 
variable (Table 2). We used a stepwise simplification procedure to assess the 19 
explanatory importance of each parameter. Fixed explanatory variables were 20 
removed individually from the most complex model and resulting models were 21 
compared using likelihood ratio tests implemented using the anova function of 22 
R. Parameters that were determined to have a non-significant effect on the 23 
amount of variation in effective number of species explained by our model 24 
were excluded (Table 2). 25 
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Community structure (beta diversity) 
We used the R package vegan (Oksanen, Blanchet & Kindt 2013) to produce 1 
a non-metric multidimensional scaling (NMDS) ordination using Bray-Curtis 2 
dissimilarity of the between sample differences in commensal bacterial 3 
assemblage. As is required by the software, we removed 6 samples that we 4 
were unable to accurately age and for which all metadata was therefore not 5 
available. This resulted in a total of 196 samples used in our analysis of beta 6 
diversity (Table S5.1).  Ordination was performed across 3 dimensions (k=3) 7 
and yielded a stress of fit value of 0.15. We tested for differences in 8 
community structure between sample groups using permutational analysis of 9 
variance tests (PERMANOVA) implemented using the adonis function of 10 
vegan. We used ordination plots (Figs S5.2-5.4) to inform the construction of 11 
our PERMANOVA models. Based on divergent group centroids, we fitted 12 
population of origin, disease history of population of origin as well as 13 
individual age and snout to vent length as potential predictors of commensal 14 
bacterial community structure. We ran our PERMANOVA for 1,000 15 
permutations.  16 
Differentially abundant SVs 
To identify individual SVs which were more abundant on the skin of frogs from 17 
populations of one disease history type than the other we performed 18 
differential abundance analysis using the R package DESeq2 (Love et al. 19 
2014). We were able to use full (unrarefied) read sets for all samples for this 20 
analysis as DESeq2 controls for differences in library size by using a negative 21 
binomial mixture model, calculates significant differences in the abundance of 22 
SVs using Wald tests and corrects significance p values for multiple testing 23 
using Benjamini-Hochberg correction (McMurdie & Holmes 2014). This 24 
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allowed us to detect significant differential abundance between disease 1 
history population groups without additional bias that may be introduced by 2 
the random subsampling of the rarefaction procedure. However, geographical 3 
region of origin has been shown to have a large impact on the species 4 
present within the amphibian skin microbiome (e.g. Jani, Knapp & Briggs 5 
2017). Therefore, to limit the introduction of bias and possible erroneous 6 
detection of differentially abundant SVs due to unrecorded environmental 7 
variables beyond our control we performed differential abundance analysis on 8 
a geographically refined, more environmentally homogenous subset of our 9 
sampled populations. This subset included the three populations with a 10 
positive disease history and the three disease free populations that are 11 
located within the boundaries of the Greater London area (Fig 1).  12 
 
To assess the likelihood of observing similar numbers of differentially 13 
abundant SVs due to chance, we performed a permutation analysis. Individual 14 
samples were randomly assigned to a disease history group and differential 15 
abundance was computed as above. The number of significantly differentially 16 
abundant SVs (Benjamini-Hochberg corrected p value < 0.05) was calculated 17 
and recorded. We repeated this process 1,000 times to obtain a distribution of 18 
the number of differentially abundant SVs expected due to chance. 19 
Indicator species analysis 
As differential abundance analysis does not account for within group 20 
consistency in abundance. We identified the SVs likely to be key drivers of 21 
community divergence between disease history groups using indicator 22 
species analysis (Dufrene & Legendre 1997). We calculated the indicator 23 
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value of each of our 54 most abundant SVs using the indval function of the 1 
labdsv R package (Roberts 2007). An indicator score of 1 would indicate that 2 
a species is equally abundant in all samples from one disease history group 3 
and effectively absent from samples of the other, whereas an indicator score 4 
of 0 would suggest approximately even abundance across samples of both 5 
disease history types. We therefore considered SVs with an indicator score of 6 
0.7 or higher to be indicators of disease history groups and those with an 7 
indicator score of 0.5 – 0.7 as detector species (suggestive but not indicative 8 
of disease history group; Castro-Luna & Sosa 2009). As with differential 9 
abundance analysis, indicator species analysis was limited to our 10 
geographically refined subset of frog populations located in London. 11 
Results 
Field sampling and individual biometric data 
As outlined in the method section we selected a maximum of 30 individuals 12 
per population for further analysis (Table S5.1). After filtering out the failed 13 
sample our remaining dataset consisted of samples from 202 individual frogs 14 
(Table S5.1). Frogs originating from positive disease history populations 15 
accounted for 111 of these samples (80 male and 31 female frogs) and frogs 16 
from disease free populations accounted for 91 (58 male and 33 female 17 
frogs). A breakdown of the ages and snout to vent lengths for each of these 18 
groups are given in Table 1.  19 
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Sequencing and filtering 
Our raw sequence data set contained a total of 21,279,782 individual forward 1 
and reverse reads. Following quality filtering, and merger of overlapping 2 
reads, our final read data set consisted of 9,487,423 consensus reads. 3 
Following the removal of potential contaminant SVs, a total of 28,251 SVs 4 
were identified in our read data set. The removal of all SVs that contributed 5 
less than 0.1% of our total read set resulted in a final set of the 54 most 6 
abundant SVs accounting for a total of 1,160,809 consensus reads. 7 
Alpha diversity 
The mean number of our most abundant 54 SVs identified sample from 8 
populations with a positive disease history of ranavirosis was 15.19 (range = 7 9 
– 23 SVs) versus 17.13 (range 11 - 23 SVs) in samples from disease free 10 
populations. The effective number of species score (based upon our 54 most 11 
abundant sequence variants) was 5.34 (range = 1.76 – 17.40) in positive 12 
history populations and 6.77 (range = 2.17 – 16.36) in disease free 13 
populations. When controlling for variation between populations in our LMER, 14 
we found that none of our explanatory variables explained a significant 15 
amount of variation in individual effective number of species score (Table 2). 16 
Populations with a positive disease history of ranavirosis were shown to have 17 
lower alpha diversity on average when compared to those populations that 18 
Table 1: Minimum, mean and maximum age and snout to vent length (SVL) for males and 
females of each disease history type. Age was calculated by skeletochronology and SVL was 
measured using 0.1mm scale callipers. 
 Age (years) SVL (mm) 
Sex (Disease history) Min Mean Max Min Mean Max 
Male (Positive 2 4.8 10 47.6 69.5 84.0 
Male (Disease free) 4 6.3 9 69.5 73.3 88.4 
Female (Positive) 2 5.3 9 55.0 75.9 92.1 
Female (Disease free) 4 6.5 10 60.3 75.5 90.5 
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have never experienced disease, however this difference was non-significant 1 
(Table 2). 2 
 
Community structure (beta diversity) 
Of the 1,160,809 consensus reads represented in our 54 most abundant SVs 3 
644,503 and 516,306 belonged to samples from positive disease history and 4 
disease free populations respectively. The top ten most abundant genera 5 
present in skin commensal communities at both positive and disease free 6 
populations consisted of the same ten genera, however the order of 7 
abundance differed between the two disease history groups (Fig 2, Table 3). 8 
Relative abundance of individual genera varied between sites (Fig 2, Table 3) 9 
but overall frog skin microbiomes at both positive disease history and 10 
putatively disease free populations were dominated by SVs belonging to the 11 
genus Chryseobacterium. Reads classified as Chryseobacterium species 12 
accounted for 50% and 37% of all reads at positive disease history and 13 
disease free populations respectively (Fig 2, Table 3).  14 
 
Ordination plots and PERMANOVA results showed that the most important 15 
predictor of commensal bacterial community structure was the population 16 
from which a frog originated (Fig 3; PERMANOVA; p = 0.001; R2 = 0.37). 17 
Table 2: Summary of A) lmer model simplification procedure. ENS = effective number of 
species score. SVL = the body length of each individual in mm. Status = disease history of 
populations, either positive or disease free. Df = degrees of freedom of the model 
including the parameter being tested. 
LMER Full model ENS ~ status + age + SVL + sex + (1|site) 
Fixed effect Estimate Df Chi2 p 
Age 0.06 6 0.06 0.79 
SVL -0.02 5 0.14 0.71 
Sex 0.81 4 2.23 0.12 
Status -1.50 3 2.54 0.11 
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However, disease history of populations was also a statistically significant 1 
predictor of bacterial community structure (Fig 3; PERMANOVA; p = 0.001; R2 2 
= 0.08). Neither individual snout to vent length or age were found to 3 
significantly explain variation in skin commensal community structure 4 
(PERMANOVA; p = 0.60, R2 = 0.003 and p = 0.85, R2 0.002 respectively).  5 
 
 
 
 
 
Table 3: Top 10 most abundant genera in both disease status groups. Count = number of 
reads assigned to each genus. % = the percentage of the total reads (represented within the 
most abundant 54 SVs) from each disease history group accounted for by each genus. Total 
number of reads represented within the 54 most abundant SVs = 644,503 and 516,306 for 
positive history and disease free populations respectively. 
 Positive disease history  Disease free 
Rank Genus Count %   Genus Count %  
1 Chryseobacterium 322230 50 Chryseobacterium 190793 37 
2 Flavobacterium 91443 14 Arthrobacter 95765 19 
3 Albidiferax 60856 9 Flavobacterium 40922 8 
4 Arthrobacter 45133 7 Pseudarthrobacter 31321 6 
5 Acinetobacter 26819 4 Acinetobacter 25199 5 
6 Pseudarthrobacter 25267 4 Albidiferax 23711 5 
7 Massilia 15734 2 Massilia 22378 4 
8 Pseudomonas 11508 2 Sphingomonas 16764 3 
9 Sphingomonas 11115 2 Pseudomonas 11314 2 
10 Methylobacterium 6105 1 Methylobacterium 7481 1 
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Fig 2: Relative abundance of the top 10 most abundant genera at each of our 10 sampled 
populations. Populations are grouped by disease history status to allow for visual comparison of 
abundance patterns.  
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Fig 3: Bray-Curtis NMDS plot of skin microbiome similarity. The microbial community of each 
individual R. temporaria is represented by a point. The shape of the point differentiates 
individuals from different populations. Populations with a positive disease history of 
ranavirosis are shown in red hues and disease free populations in blue hues. Each point is 
connected to the averaged point of microbial community structure for its respective disease 
history group. 
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Differential abundance and indicator analysis 
Differential abundance analysis of the 54 most abundant SVs identified 37 1 
SVs that were significantly differentially abundant between disease history 2 
groups following correction for multiple testing. Of these, 20 were found to be 3 
over abundant in positive disease history populations and 17 were found to be 4 
overly abundant in populations with no history of ranavirosis, when compared 5 
to populations of the opposite disease history status. Differentially abundant 6 
SVs were found to belong to a total of five unique phyla and 18 unique 7 
genera, not including seven SVs that could not be identified at the genus 8 
level. Individual members of three phyla (Actinobacteria, Bacteroidetes and 9 
Proteobacteria) were found to be overly abundant in both positive disease 10 
history and disease free populations compared to the opposite disease history 11 
group. Additionally, members of the phyla Firmicutes were found to be overly 12 
abundant in disease positive populations compared to disease free 13 
populations and members of the genus Cyanobacteria were found to be 14 
overly abundant in putatively disease free populations compared to positive 15 
disease history populations. At genus level of classification SVs belonging the 16 
genus Flavobacterium were found to be overly abundant in both positive 17 
history and putatively disease free populations, compared to populations of 18 
the opposite disease history status, but members of no other genera were 19 
found to be differentially abundant in populations of both disease history 20 
categories (Fig 4). We are afforded confidence that the differential abundance 21 
observed is truly attributable to disease history groups as our differential 22 
abundance estimates based on permutation analysis using randomly 23 
assigned sample groups yielded significantly fewer differentially abundant 24 
SVs (mean = 1.16 SVs, range = 0 – 18 SVs, Fig 5, p= 0.001). 25 
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Indicator species analysis revealed 11 of the differentially abundant SVs 1 
possessed abundance profiles within and between disease history groups that 2 
indicate that they may be key in driving divergence in community structure 3 
between disease history groups. No SVs that were overly abundant in positive 4 
disease history populations compared to disease free populations had an 5 
indicator score of greater than 0.7 however four SVs were ascribed indicator 6 
scores greater than 0.5 (Fig 4). These SVs belonged to the genera 7 
Acinetobacter, Shewanella, Chryseobacterium and Pseudomonas. Four SVs 8 
identified as overly abundant in putatively disease naïve populations 9 
compared to positive disease history populations were classified as indicator 10 
species (indicator score 0.7 or greater). These SVs belonged to the genera, 11 
Flavobacterium, Shingomonas and Arthrobacter. An additional three SVs 12 
belonging to the genera Nordella, Alpinimonas and Limnohabitans had 13 
indicator scores higher than 0.5 (Fig 4). 14 
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 Fig 4: Differentially abundant sequence variants (SV). A positive log 2 fold change indicates 
that a SV is overly abundant in populations with a positive disease history and a negative log 
2 fold change that the SV is overly abundant in populations with no history of ranavirosis. 
Circular points indicate a SV with an indicator species score of < 0.5, square points indicate a 
SV with an indicator score of 0.5 – 0.7 and triangular points indicate a SV with an indicator 
species score of 0.7 or greater. 
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Discussion 
Disease history impacts the skin microbiome of R. temporaria. 
We set out to investigate the relationship between viral pathogens belonging 1 
to the genus Ranavirus and the skin microbiome of wild R. temporaria. Based 2 
on evidence from different amphibian hosts subjected to Bd (eg. Lam et al. 3 
2010; Rebollar et al. 2016) we hypothesised that frogs originating from 4 
populations with a positive disease history of ranavirosis would possess 5 
distinct commensal bacterial communities on their skin compared to frogs that 6 
originated at populations that had avoided ranavirus infection at any point 7 
during its emergence in the United Kingdom. Our results suggest that a 8 
 
Fig 5: Histogram of the number of differentially abundant SV identified by our 1000 trials 
conducted by randomly assigning samples to different disease history groups. The vertical 
red bar indicates the number of differentially abundant SVs identified when true status 
grouping were used (37). 
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positive disease history of ranavirosis impacts the commensal bacterial 1 
communities of wild adult R. temporaria. 2 
 
Though non-significant, we found evidence that frogs from populations with a 3 
positive disease history of ranavirosis, on average, exhibited reduced alpha 4 
diversity within the skin microbiome than their counterparts from disease 5 
naïve populations. Similar trends have been observed in other amphibian 6 
species subjected to different pathogens. For example, Federici et al. (2015) 7 
also uncovered a non-significant negative relationship between bacterial 8 
alpha diversity and infection in the Italian stream frog (Rana italica). Frogs 9 
harbouring clinical infections of the skin parasite Amphibiocystidium exhibited 10 
reduced alpha diversity compared to uninfected conspecifics sharing the 11 
same habitat. Additionally, Rebollar et al. (2016) found that alpha diversity 12 
measures of the skin microbiome were significantly lower in populations of a 13 
Panamanian frog (Craugastor fitzingeri) that were subjected to endemic 14 
infections of Bd compared to a population that was naïve of disease. 15 
Conversely, Jani, Knapp & Briggs (2017) found no difference between the 16 
alpha diversity of populations of the Sierra Nevada mountain yellow-legged 17 
frog (Rana sierrae) that went onto persist with endemic Bd infection and those 18 
that were driven extinct. This corroborates the findings of Woodhams et al. 19 
(2007) who found no change in the bacterial alpha diversity between a 20 
population of the closely related mountain yellow legged frog (Rana mucosa) 21 
that co-existed with Bd and a population of the same species that was driven 22 
to local extinction. Though this later study utilised a culture based method of 23 
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bacterial species identification, which was able to identify far fewer of the 1 
bacterial species present on the skin. 2 
 
Reduced (or unchanged) alpha diversity in amphibians subject to pathogens 3 
is potentially surprising given that Harrison et al. (2017) showed that reduced 4 
diversity increased the potential for dysbiosis (harmful perturbations of the 5 
microbiome) of the skin microbiome and elevated mortality of metamorphic R. 6 
temporaria subjected to experimental infections with ranavirus. Increased 7 
alpha diversity has also been noted in other amphibian species during periods 8 
of increased mortality such as during the winter and immediately post 9 
metamorphosis (Longo et al. 2015). If a more diverse skin microbiome is 10 
indeed beneficial to survival, then selection for increased microbiome diversity 11 
should be occurring in wild R. temporaria populations. However, Harrison et 12 
al. (2017) also found that infection with ranavirus directly perturbed the host 13 
skin microbiome. It is therefore possible that it is the presence of the pathogen 14 
itself within infected populations that may be impacting the alpha diversity of 15 
the amphibian skin microbiome. 16 
 
We found that disease history of population is linked to shifts in the 17 
composition of bacterial communities on the skin of R. temporaria. Despite 18 
variation between and within individual field sites, samples that originated 19 
from disease positive and disease free populations, exhibited bacterial 20 
community structure more similar within than between disease history groups. 21 
Similar findings based upon population disease history alone have been 22 
reported by Rebollar et al. (2016) in C. fitzingeri under infection with Bd. 23 
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The results of our permutation analysis provide us confidence in the SVs we 1 
identified as differentially abundant between disease history population 2 
groups. In addition, we have identified several SVs that are both differentially 3 
abundant between disease history groups and possess consistency of 4 
abundance profiles within disease history groups that suggests they may be 5 
key in driving such observed divergence. No SV identified as overly abundant 6 
in populations with a positive disease history compared to disease free 7 
populations was classified as an indicator species (indicator score of > 0.7), 8 
however four SVs were found to possess indicator scores of greater than 0.5, 9 
suggesting an association between a positive disease history of ranavirosis 10 
and these SVs in particular. These SVs belonged to the genera 11 
Pseudomonas, Acinetobacter, Chryseobacterium and Shewanella. 12 
Pseudomonas species are known to be highly genetically and functionally 13 
diverse (Silby et al. 2011) and some species have been shown to have broad 14 
anti-microbial properties (Daskin & Alford 2012a). Pseudomonas species are 15 
commonly found in the skin microbiota of a number of amphibians at all 16 
developmental stages (Kueneman et al. 2014; Loudon et al. 2014b; Walke et 17 
al. 2014b) and have been shown to inhibit Bd (Becker et al. 2015). Species of 18 
Pseudomonas have been found to be abundant in populations that persist 19 
with Bd in an endemic state (Rebollar et al. 2016a) and on the skin of frogs 20 
that remained uninfected by Amphibiocystidium that was present in their 21 
environment. Pseudomonas species have also been identified as 22 
opportunistic pathogens (Pessier 2002a; Driscoll, Brody & Kollef 2007).  23 
Acinetobacter species have also been shown to inhibit the growth of Bd 24 
(Flechas et al. 2012; Muletz-Wolz et al. 2017a) and were found to be the 25 
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dominant genera in the skin microbiome of C. fitzingeri at populations where 1 
Bd was endemic (Rebollar et al. 2016a). Alternatively, Acinetobacter species 2 
are known to be pathogenic (Koren & Rosenberg 2008) and were found to be 3 
abundant on the skin of R. italica that were harbouring amphibiocystidium 4 
infection, which the authors think is suggestive of opportunistic infection 5 
(Federici et al. 2015). Members of the genus Chryseobacterium are common 6 
fresh water bacteria which have been found to have Bd inhibitive qualities 7 
(Park et al. 2014; Muletz-Wolz et al. 2017b). However Chryseobacterium 8 
species have again been found to be pathogenic to species including humans 9 
and fish (Vandamme 1994). Shewanella is a genus of primarily marine 10 
bacteria that has also been isolated from fresh water. They are pathogenic to 11 
both humans (Pagani et al. 2003) and fish (Paździor 2016). 12 
 
Four SVs that were found to be comparatively over abundant in disease free 13 
populations than positive disease history populations had abundance profiles 14 
consistent enough within disease history groups to be classified as indicator 15 
species, suggesting a strong link between their presence in a sample and the 16 
disease history of its population of origin. These belonged to the genera 17 
Flavobacterium (two SVs), Sphingomonas and Arthrobacter. Members of the 18 
genus Flavobacterium are common in soil and freshwater. They have been 19 
shown to possess anti-fungal properties (Lauer et al. 2008) and have been 20 
identified at populations of R. mucosa that persist with endemic Bd infections 21 
(Lam et al. 2010). They are also abundant on the skin of R. italica that were 22 
uninfected with Amphibiocystidium (Federici et al. 2015). Flavobacterium 23 
species are however known to be pathogenic to amphibians, fish and humans 24 
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(Pokrywka et al. 1993; Bernardet et al. 1996; Pessier 2002b). Sphingomonas 1 
is a diverse genus of bacteria that are common both in the natural 2 
environment and in hospitals where they are mildly pathogenic to humans (Lin 3 
et al. 2010). Sphingomonas species have been identified as the causative 4 
pathogen of coral plague (Richardson et al. 1998) and are also known to 5 
inhibit the anti-pathogen activity of sympatric bacterial species in plant 6 
commensal communities. Arthrobacter species are common in soil and fresh 7 
water and are known to inhibit Bd (Rollins-Smith 2009; Park et al. 2014) and 8 
to be abundant on the skin of R. mucosa persisting with endemic Bd (Lam et 9 
al. 2010). Three additional SVs overly abundant on the skin of frogs from 10 
disease naïve populations compared to positive disease history populations 11 
were given indicator scores of 0.5 – 0.7. These SVs belonged to the genera 12 
Nodella, Alpinimonas and Limnohabitans. Limnohabitans are a species of 13 
freshwater bacteria that have previously been isolated from the bacterial 14 
communities present on the North American bullfrog (Lithobates 15 
catesbeianus; Krynak 1989) and the egg masses of brown trout (Salmo trutta; 16 
Wilkins et al. 2015). Nordella is a single species genus of freshwater bacteria 17 
(La Scola, Barrassi & Raoult 2004) and Alpinimonas species were first 18 
isolated from alpine glaciers (Schumann et al. 2012), little is known of their 19 
ecology.  20 
 
We have identified SVs, overly abundant in populations both with and without 21 
a positive disease history of ranavirosis, compared to populations of the 22 
opposite disease history status, which belong to genera that contain both 23 
potentially protective and potentially pathogenic species of bacteria. In fact, 24 
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the relationship between a single commensal bacterial species and its host 1 
can shift from protective to pathogenic and vice versa in an entirely context 2 
dependent manner (Daskin & Alford 2012b). It is therefore not possible to be 3 
conclusive about the nature of relationship between R. temporaria and the 4 
bacterial species that we have identified. Given the protective qualities of 5 
several of the genera that we found to be overly abundant in disease positive 6 
populations it is plausible that the SVs associated with these genera also 7 
provide a degree of protection against infection with a ranavirus and are 8 
therefore under positive selection at disease positive populations. However, 9 
several alternative explanations also exist and cannot be disregarded at this 10 
stage.  11 
 
It has been hypothesised that the structure of the amphibian microbiome is a 12 
function of host genotype (Becker et al. 2015). Infection with a ranavirus has 13 
been shown to influence the underlying population genetics and apply 14 
significant selection pressure upon British R. temporaria populations (Teacher 15 
et al. 2009a; b). Such impacts on host genetics may therefore possibly be a 16 
contributing or sole cause to the observed shifts in skin microbiomes at 17 
positive disease history populations.  18 
 
Additionally, ranaviruses have been shown to form co-infections with other 19 
pathogens both in the wild (Whitfield et al. 2013) and in captive amphibian 20 
populations (Miller et al. 2008) so an alternative explanation would be that the 21 
presence of ranavirus within a population is allowing opportunistic pathogens 22 
to colonise or proliferate on the skin of R. temporaria through either a 23 
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compromised host immune response (Pasman 2012), a disturbed microbiome 1 
(Theriot et al. 2014) or a combination of the two. Like any habitat, resources 2 
available on amphibian skin are finite; increases in abundance of one 3 
bacterial species (by either of the two mechanisms listed above) will therefore 4 
be offset by the reduced abundance of other bacterial species, hence we 5 
observed comparative over abundance of some SVs in disease free 6 
populations compared to frogs from populations with a positive disease 7 
history.  8 
 
Since it has now been shown that how the microbiome is impacted by a 9 
pathogen is dependent on its initial state (Jani & Briggs 2014; Becker et al. 10 
2015; Harrison et al. 2017; Jani et al. 2017; Longo & Zamudio 2017) we 11 
cannot be sure whether the apparent divergence between the microbiomes of 12 
frogs from positive disease history populations and those from disease free 13 
populations is a consequence or cause of their disease history. Therefore, 14 
another potential explanation of our observed differences in community 15 
structure between the two groups would be that possessing a microbial 16 
community structure similar to that observed at positive disease history 17 
populations predisposes a population to infection with a ranavirus and that 18 
ranavirus has no subsequent impact of microbial community structure (Becker 19 
et al. 2015; Jani et al. 2017). If further research supported this postulation, the 20 
ability to detect amphibian populations that may be at highest risk of disease 21 
outbreaks would allow for targeted conservation efforts.  22 
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Population of origin is major predictor of microbiome composition in 
wild R. temporaria. 
Our results suggest that the most important predictor of the species 1 
composition and diversity in the bacterial communities present on the skin of 2 
wild adult R. temporaria is the individual population from which they originate. 3 
We found that population of origin explained approximately 18% of the total 4 
between frog variation in species alpha diversity and our PERMANOVA 5 
analysis showed population of origin to be the most important predictor of 6 
community structure. The relative abundance patterns of our most common 7 
bacterial genera were also found to be unique between each of our 10 studied 8 
populations.  9 
 
An individual’s environment is known to act as a reservoir of microbial 10 
diversity from which its microbiome is populated (Belden & Harris 2007; 11 
Loudon et al. 2014). The bacterial species present within an environment vary 12 
based on numerous abiotic factors, such as temperature, salinity and pH 13 
(Fierer & Jackson 2006; Lozupone & Knight 2007; Sylvain et al. 2016; Ji et al. 14 
2017) and variation between similar habitats can be found at both the local 15 
and regional levels (Lindström & Langenheder 2012). It is therefore highly 16 
likely that each of the field sites at which we sampled possessed a unique 17 
catalogue of bacterial species, that in turn lead to different assemblages of 18 
commensal bacteria on the skin of individuals originating from each site. It is 19 
also possible that such variation in abiotic factors of an environment between 20 
populations have a direct influence on skin microbiome of R. temporaria, as 21 
has been hypothesised in other species (Kueneman et al. 2014; Krynak, 22 
Burke & Benard 2016; Longo & Zamudio 2017). However, it has now been 23 
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shown several times that amphibian species, including R. temporaria, appear 1 
to selectively enrich their microbiome with particular species of bacteria which 2 
are often present at very low abundances in the surrounding environment 3 
(Loudon et al. 2014b; Walke et al. 2014a; Kueneman et al. 2016), though the 4 
mechanisms of selection are not understood. It has also been shown that 5 
even when occurring in allopatry across field sites and habitats, the skin 6 
microbiomes of conspecific amphibians are significantly more similar to each 7 
other than to those of other amphibian species sharing the same habitat 8 
(McKenzie et al. 2012; Kueneman et al. 2014; Rebollar et al. 2016a). This 9 
suggests that the amphibian skin microbiome is certainly not a mere 10 
representation of environmental bacterial diversity and is likely shaped by 11 
external selection pressures, such as pathogens (Jani & Briggs 2014; Walke 12 
et al. 2015; Rebollar et al. 2016a).  13 
 
Finally, evidence from studies of humans and mice suggest that sex, body 14 
size and age can influence the microbiome (Yatsunenko et al. 2012; 15 
Yurkovetskiy et al. 2013; Langille et al. 2014; Haro et al. 2016), however we 16 
found no evidence of such influences here. Neither sex, age or body size had 17 
any significant impact on the alpha diversity or community structure of the R. 18 
temporaria skin microbiome. Previous studies on amphibians have found that 19 
commensal microbial communities vary significantly between developmental 20 
stages (Kueneman et al. 2014; Longo et al. 2015) however ours is the first 21 
study to examine the composition of amphibian microbiomes using fine scale 22 
age data within adults. The physiological changes that occur during 23 
metamorphosis and sexual maturation are much larger and occur over greatly 24 
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reduced time periods compared to the slow process of annual aging and 1 
growth so it is not entirely surprising that the microbiome of amphibians is 2 
known to shift during these events. Recent work by Hughey et al. (2017) also 3 
found that sex was not an important predictor of skin microbial community 4 
structure in Coqui frogs (Eleutherodactylus coqui). 5 
Conclusion and future directions 
We provide here the first systematically gathered evidence of an interaction 6 
between the lethal viral pathogens belonging to the genus Ranavirus and the 7 
amphibian skin microbiome in the wild. Though we demonstrate that R. 8 
temporaria from populations with a positive disease history possess a 9 
microbial community structure distinct to that of frogs from populations that 10 
have never experienced disease, the underlying mechanisms of this 11 
discrepancy remain to be elucidated. Laboratory survival trials that 12 
incorporate animals seeded with skin microbial assemblages representative of 13 
both disease history groups and temporal sampling of the microbiome before 14 
and after infection with a ranavirus would allow for further investigation of the 15 
mechanisms underlying the changes that we observed and the potential 16 
protective benefits of commensal skin bacteria under acute ranaviral infection. 17 
We also cannot be sure whether ranaviral disease history is the cause for 18 
observed changes to the skin microbiome or whether the structure of the 19 
microbiome itself my increase the likelihood of a population becoming 20 
infected. This relationship also warrants further investigation as the ability to 21 
detect amphibian populations in greatest peril, via the signature of their skin 22 
microbiome, would no doubt advance efforts to conserve these vulnerable 23 
creatures. 24 
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Abstract 
Infectious diseases can alter the life history strategies of their hosts. Shifts in 1 
life history strategy can subsequently impact on the demography of infected 2 
populations, reducing their viability even in the absence of overt disease. 3 
Amphibians are the most threatened group of vertebrates globally, and 4 
emerging infectious diseases play a large role in their population declines. 5 
Viruses belonging to the genus Ranavirus are responsible for one of the 6 
deadliest and most widespread of these diseases. Given the threat that 7 
amphibians are facing, it is imperative that we advance our knowledge of all 8 
possible ways in which infectious diseases can impact populations. To date 9 
no work has used individual level data to evaluate the impact of ranaviruses 10 
on population demographic structure or host life-history post metamorphosis, 11 
this study aimed to address that knowledge gap. In this study, we used 12 
skeletochronology and morphology to evaluate the impact of ranaviruses on 13 
the age structure of populations of European common frog (Rana temporaria) 14 
in the United Kingdom. We compared ecologically similar populations that 15 
differed only in their historical presence or absence of ranaviral disease. Our 16 
results suggest that ranaviruses may lower the age structure of populations 17 
with a positive disease history. This may be caused by increased adult 18 
mortality and subsequent shifts in the life history of younger age classes. 19 
Population projection models indicate that such age truncation could heighten 20 
the vulnerability of frog populations to stochastic environmental challenges. 21 
Our individual level data provide further compelling evidence that the 22 
emergence of infectious diseases can alter host demography, subsequently 23 
increasing population vulnerability to additional stressors. 24 
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Introduction 
Infectious diseases can have major long-term impacts on host life history 1 
strategies, often leading to subsequent shifts in the demographic structure of 2 
host populations (Jones et al. 2008a; Lachish, McCallum & Jones 2009; 3 
Ohlberger et al. 2011; Fitzpatrick et al. 2014). Within age-structured 4 
populations, this is primarily caused by compensatory changes in the vital 5 
rates (rates of growth, fecundity and survival) of younger age classes that 6 
occur in response to high levels of extrinsic adult mortality (death of adult 7 
animals attributable to external factors such as disease or predation; Stearns 8 
1992; Roff 1993). To maximise individual fitness within an environment of high 9 
extrinsic adult mortality, selection for increased juvenile survival and 10 
developmental rates, decreased size and age at sexual maturity and 11 
ultimately an increased adult life span (decreased intrinsic adult mortality) will 12 
occur (Stearns et al. 2000). This has been empirically borne out in a number 13 
of systems in response to several sources of mortality including, predation 14 
(Reznick, Bryga & Endler 1990), over-harvesting (Olsen et al. 2004) and 15 
experimentally induced adult mortality (Stearns et al. 2000).  16 
 
Impacts on population demographic structure potentially brought about by 17 
changes to individual life history strategies can have substantial effects on the 18 
growth and stability of infected populations (Saether & Bakke 2000). This has 19 
recently been well demonstrated by Scheele et al. (2016) who observed that 20 
infection with the lethal fungal pathogen Batrachochytrium dendrobatidis (Bd) 21 
causes high levels of adult mortality in the endangered Australian alpine tree 22 
frog (Litoria verreauxii alpina). High adult mortality resulted in a severe 23 
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truncation of the age structure of infected populations. Subsequent population 1 
projection modelling showed that such Bd positive populations are much more 2 
vulnerable to decline due to stochastic recruitment failure caused by a 3 
variable environment than Bd negative populations (Scheele et al. 2016), 4 
highlighting an important, yet relatively unexplored mechanism by which 5 
infectious diseases can impact their hosts. Infectious diseases are emerging 6 
at a faster rate and threatening a larger range of species than at any prior 7 
point in history (Jones et al. 2008b), therefore it is imperative that we aim to 8 
better understand such mechanisms, particularly in species of conservation 9 
concern.  10 
 
Amphibians are the most imperilled class of vertebrates (Wake & Vredenburg 11 
2008). Aside from threats such as habitat loss (Cushman 2006), over- 12 
harvesting (Xie et al. 2007) and climate change (Foden et al. 2013), one 13 
major driver of continued amphibian declines is the emergence of a suite of 14 
infectious diseases (Daszak et al. 1999). One of the most widespread and 15 
deadly of these diseases, ranavirosis, is caused by viral pathogens belonging 16 
to the genus Ranavirus (Chinchar 2002b; Green et al. 2002). Ranaviruses are 17 
globally distributed and infect and kill species from 3 classes of ectothermic 18 
vertebrates (Cunningham et al. 1996; Whittington et al. 2010; Marschang 19 
2011). Clinical ranavirosis is often characterised by severe dermal ulcerations 20 
as well as haemorrhaging and lesions affecting the internal organs 21 
(Cunningham et al. 1996; Bayley et al. 2013). Outbreaks are known to cause 22 
mass mortality events, with up to 90% mortality reported in some instances 23 
(Green et al. 2002). Evidence from the UK shows that emergence within a 24 
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population can potentially lead to greater than 80% declines in population 1 
sizes, followed by suppression or in some cases local extinction (Teacher et 2 
al. 2010). Susceptibility varies among species but a number of ecological risk 3 
factors that contribute to species susceptibility, including life history strategy, 4 
have been identified (Hoverman et al. 2011). The presence of ranaviruses 5 
within a habitat has also been shown to accelerate the developmental rates of 6 
larval North American anurans (Warne et al. 2011). To date no work has 7 
evaluated the impact of ranaviruses on life history strategies post 8 
metamorphosis, or on the demographic make-up of populations using data 9 
collected on individual animals. 10 
 
In this study, we utilised the unique comparative field system born out of the 11 
Frog Mortality Project (FMP; see Teacher et al. 2010; Price et al. 2016 for 12 
details) to study the impacts of ranaviral disease history on demographic 13 
structure and individual life history of European common frog (R. temporaria) 14 
in the United Kingdom. We used a combination of skeletochronology (age 15 
determination by skeletal growth rings) and morphometric data collected from 16 
wild caught R. temporaria to test two hypotheses: i) that the age structure of 17 
populations with a positive disease history of ranavirus will be truncated and 18 
ii) that frogs originating from ranavirus positive field sites will display reduced 19 
body size and more rapid growth compared to their counterparts from 20 
ostensibly disease-free populations. Additionally, we examined the potential 21 
impact of such demographic shifts on population viability by using matrix 22 
models to track theoretical populations through a number of increasingly 23 
complex stochastic scenarios. 24 
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Methods 
Field Sampling 
Potential field sites were drawn from the FMP database of R. temporaria 1 
populations known to have experienced at least one mass mortality event due 2 
to ranavirosis and a complimentary database of putatively disease free R. 3 
temporaria populations (see Teacher et al. 2010 for more detailed selection 4 
criteria). Five populations with a positive disease history of ranaviral infection 5 
and five that have remained disease free throughout the time period of 6 
ranaviral emergence in the UK were selected (Fig 1). Field sites were 7 
attended during the spring breeding season and each was sampled for one 8 
day. Sampling involved searching for frogs within and around the proximity of 9 
the breeding ponds. As many individuals as possible were located and placed 10 
into plastic holding tanks. Since as many frogs as possible were captured at 11 
each field site by the same individual researcher, sampling effort is 12 
considered to be approximately equal. All frogs were found to be above the 13 
minimum age of sexual maturity and were assumed to be members of the 14 
breeding populations as juvenile anurans rarely return to breeding ponds 15 
(Wilbur 1980; Verrell 1985; but see Berven 1990). 16 
 
Snout to vent length was measured using 0.1mm scale callipers and the distal 17 
portion of the 1st (inside) digit of a hind limb of each frog was clipped using 18 
surgical scissors. To minimise the potential for pain and the possibility of 19 
infection, a topical disinfectant that contained an analgesic (Bactine; 20 
WellSpring Pharmaceutical, Florida, USA) was applied to the surgical area 21 
prior to the procedure. Toe clips were placed into individual 1.5 ml micro- 22 
centrifuge tubes containing 1 ml of 70% ethanol. Following sampling, all 23 
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animals were released at point of capture. The number of individuals sampled 1 
per each population varied between 4 (Witham) and 61 (Mitcham and 2 
Palmer’s Green) with a mean of 30 animals sampled per site (Tables S6.1). 3 
Age determination 
Age was determined by skeletochronology, following the protocol for R. 4 
temporaria published by Miaud et al (1999) with the following modifications. 5 
The phalangeal bone was separated from soft tissues, decalcified with 5% 6 
nitric acid for 1.5 hours and washed with water over night. Cross sections (12 7 
μm thick) were then cut from the bone using a cryostat and stained using 8 
haematoxylin for 20 minutes. Lines of arrested growth (LAG) were counted 9 
using a light microscope at 200x-400x magnification, 10-12 sections were 10 
analysed for each individual and two different researchers verified counts. 11 
	
Fig 1: Map of the locations of sampled populations within the southern United Kingdom. Field 
sites were drawn from the Frog Mortality Project database of populations known to have 
experienced ranavirus mass mortality events and a complimentary database of populations 
known to have been ranavirus free since disease emergence in the early 1990s.  
 160 
Age at sexual maturity was determined as the youngest age at which inter- 1 
LAG space reduced in size, as juvenile inter-LAG space is significantly wider 2 
than post sexual maturity (Sinsch 2015). 3 
Statistical Analyses 
Body size by age and age at sexual maturity. 
We conducted all statistical modelling in R (R Core Team 2014). We used 4 
linear mixed effects regression (lmer) models, implemented in the package 5 
lme4 (Bates et al. 2015) fitted with a Gaussian error structure, and a stepwise 6 
simplification procedure to investigate the impact of population ranaviral 7 
disease history on the body size (SVL) of R. temporaria. Sex, ranaviral 8 
disease history of the source population and their interactions were fitted as 9 
fixed effects and source population alone as a random effect (Table 1). Since 10 
male and female frogs grow at different rates (Gibbons 1983; Ryser 1996; 11 
Miaud et al. 1999) the datasets of each sex were analysed separately. 12 
 
A separate lmer model was fitted to investigate the impact of the ranavirus 13 
history status of the source population on age at sexual maturity. In the full 14 
model, age at maturity was fitted as the response variable, ranaviral disease 15 
history of source population as a fixed effect and source population as a 16 
random effect. As female R. temporaria mature later than males (Gibbons 17 
1983; Miaud et al. 1999) the datasets of each sex were analysed separately. 18 
Influence of Ranavirus on population age structure 
The impact of disease status on the age structure of R. temporaria 19 
populations was investigated using a Bayesian ordinal mixed effects model 20 
implemented in the package MCMCglmm (Hadfield 2010). We fitted age class 21 
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as an ordinal response variable (9 discrete classes, ages 2 – 10 years), 1 
disease status of the source population as the fixed effect and source 2 
population as a random effect. We used uninformative priors for both the 3 
random effect (G) and residual variance (R) structures, but fixed the residual 4 
variance at 1 as this quantity cannot be estimated in ordinal models. The 5 
model was run for a total of 600,000 iterations with a burn-in period of 6 
100,000 iterations and a thinning rate of 500, giving a final sample of 1,000 7 
draws from the posterior distributions. Mean probability of membership and 8 
associated 95% credible intervals for each age class was calculated from the 9 
linear predictor, for each of the two disease history groups. We assessed 10 
model convergence using the Gelman-Rubin (G-R) statistic calculated from 11 
two independent chains initiated with overdispersed starting values. All G-R 12 
values were <1.05, indicating convergence. Age structure plots (Fig 3) 13 
suggest that observed changes were similar for both sexes, so the dataset 14 
was not split by sex. 15 
Population Matrix Modelling 
Initial matrix construction and population projections 
To investigate the potential for changes in demography to impact the long- 16 
term viability of R. temporaria populations, we conducted population matrix 17 
modelling. An initial female-based Leftkovich matrix was produced consisting 18 
of 11 stages; eggs, juvenile (sexually immature frogs) and adult age classes 19 
ranging from 2 to 10 years old. Leftkovich matrices are stage based and split 20 
the female (providing females are the limiting sex) component of a population 21 
into classes based on age, size, developmental stage or similar depending on 22 
the study species. The survival of each age class into the subsequent age 23 
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class is represented as a proportion and the fecundity of each class into every 1 
other class (if applicable) as a raw value of females generated per female. 2 
See supplementary material for structural examples of Leftkovich matrices. 3 
Our basal matrix, representing a putatively disease-free population, was 4 
constructed using published vital rates for R. temporaria from Biek et al. 5 
(2002). Biek et al. assume a constant and uniform maximum reproductive 6 
output for all sexually mature adult females of 650 eggs per year. However, it 7 
has been shown that the reproductive output of R. temporaria is significantly 8 
influenced by body size (Gibbons & McCarthy 1986; but see Ryser 1996). In 9 
conjunction with the body size by age data generated in our field study, we 10 
adjusted the vital rates for fecundity to increase stepwise for every year post 11 
sexual maturity, starting at a rate of 250 eggs for two-year-old breeding 12 
animals and increasing by 50 eggs per year until an output of 650 eggs per 13 
year was attained at adult age class 10. The rates of Biek et al. (2002) also 14 
assume transition from juveniles directly into adult class 2. However, since 15 
fecundity in our matrix is not uniform and female frogs from our dataset were 16 
found to mature at ages 2, 3 and 4 (Fig S6.2; consistent with previous findings 17 
in R. temporaria e.g. Miaud et al. 1999), we accounted for variation in onset of 18 
sexual maturity by allowing juveniles to remain juveniles and to transition 19 
directly into adult classes 2, 3 or 4 with highest chance of reaching maturity at 20 
adult stage 3. See Table S6.3 for a numerical representation of the full basal 21 
matrix.  22 
 
We created two age distribution vectors (one for each disease history group) 23 
by calculating the proportion of individuals observed in populations of each 24 
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disease history type that belonged to each age class and using those 1 
proportions as probabilities by which to weight a draw of 150 individual 2 
females that could belong to any age class. We used the projection function of 3 
the Popdemo package (Stott, Hodgson & Townley 2012) to project these 4 
starting populations 20 years into the future based on our starting matrices 5 
(additional parameters; standard.A = True, standard.vec = True). 6 
 
Deaths due to ranavirosis are known to occur annually in diseased 7 
populations of UK R. temporaria (Daszak et al. 1999; Teacher et al. 2010) and 8 
annual breeding in permanent water bodies, within which ranaviruses can 9 
persist (Nazir et al. 2012), has been identified as a key ecological risk factor of 10 
disease (Hoverman et al. 2011). To represent an increased annual chance of 11 
an individual dying from ranavirosis every year that it returns to an infected 12 
water body, we created additional matrices, which reduced adult survival 13 
annually. No age-specific data are currently available on ranavirus prevalence 14 
and mortality rates of wild adult amphibians caused by ranavirosis. We 15 
therefore modelled the population dynamics of a range of percentage 16 
decreases in likelihood of annual survival per adult in positive disease history 17 
populations (1% -25%). We found no significant difference in population 18 
dynamics of any starting population based on decreasing likelihood of annual 19 
adult survival alone (Fig S6.4). In the absence of a robust estimate of 20 
decreased likelihood of annual adult survival at positive disease history 21 
populations we selected a value of a 5% increased likelihood of mortality per 22 
year to represent theoretical positive disease history populations (Table S6.5), 23 
though this choice was arbitrary given that results of our population 24 
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projections showed no significant difference based on percentage decrease in 1 
adult survival (Fig S6.4).  2 
Stochastic population projections	
To investigate the potential impact of environmental stochasticity on 3 
populations experiencing persistent disease (5 % increased adult mortality per 4 
year of age) and disease free populatons we created an additional set of 5 
matrices to represent differing ecological conditions. A well-known threat to 6 
the stability of amphibian populations is climate induced reproductive failure 7 
(Shoo et al. 2011; Scheele et al. 2016), and in the UK fluctuations in late 8 
winter/early spring night time temperatures can result in frost killing amphibian 9 
spawn. Low water temperatures have been identified as the principle threat to 10 
R. temporaria spawn in UK ponds (Beattie, Aston & Milner 1991) and are also 11 
associated with oomycete infections of amphibian egg masses, which can 12 
result in total reproductive failure (Beebee 1996). To examine the impact of 13 
such scenarios, we created alternate versions of both starting population 14 
matrices in which fecundity of all sexually mature adult classes was reduced 15 
to 0 (Tables S6.6 and S6.7).  16 
 
To examine the impact of potentially recurrent ranaviral mass mortality 17 
events, we created a further two matrices; one where the survival of all 18 
sexually mature adult classes was reduced to 20%, a biologically plausible but 19 
not extreme mortality estimate given that greater than 90% of a population 20 
has been observed to succumb to infection during such mortality events 21 
(Green et al. 2002) and a final matrix representing a catastrophic year in 22 
which both adult mass mortality and total reproductive failure occurred (post- 23 
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maturity adult survival of 20% and fecundity of 0, Tables S6.8 and S6.9). We 1 
used the stochastic projection function of the pop.bio package (Stubben & 2 
Milligan 2007) to run the following stochastic projections; 3 
A. Disease-free population with a 10% annual chance of reproductive 4 
failure; 5 
B. Positive disease history population with a 10% annual chance of 6 
reproductive failure; 7 
C. Positive disease history population with a 10% annual chance of either 8 
reproductive failure or an adult mass mortality event; 9 
D. Positive disease history population with a 10% annual chance of either 10 
reproductive failure or an adult mass mortality event and a 5% annual 11 
chance of both challenges occurring simultaneously. 12 
 
To ensure all stochastic projection populations started equally, we used the 13 
starting population vector of the disease-free populations for all stochastic 14 
projections. All projections were run for 100 years and for 5000 iterations. 15 
Based on initial population projections we enforced a ceiling carrying capacity 16 
for our theoretical populations of 200 sexually mature adult females summed 17 
across all age classes. 18 
  19 
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Results 
Body size by age and age at sexual maturity 
We sampled 208 male and 66 female frogs, of which 103 males and 31 1 
females were sampled at populations with a positive history of ranaviral 2 
infection. For both male and female sub groups, age had a highly significant 3 
effect on SVL (males; df = 4, Chisq = 186.38, p<0.001, females; df = 4, Chisq 4 
= 47.16, p<0.001; Fig. 2; Table 1). Frogs from positive disease history sites 5 
were larger per age class, but this was a non-significant effect (Table 1). 6 
Mean age at sexual maturity of males from positive disease history 7 
populations (n=57) was 2.6 years (± SE 0.07) and from disease free 8 
populations (n=59) it was 2.8 years (± SE 0.06). Mean age at sexual maturity 9 
of females from positive populations (n=19) was 3.2 years (± SE 0.13) and for 10 
females from disease free populations (n=17) it was 3.3 years (± SE 0.10), 11 
and all differences were non-significant (Fig S6.2; Table 1). 12 
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Fig 2: The relationship between snout to vent length (SVL) and age in R. temporaria from 
ranavirus positive and disease free populations. We found no significant effect of disease 
history on the SVL of frogs. Our data does however show clear evidence of continued growth 
throughout life regardless of disease history.  
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Table 1: Model summaries of model simplification procedure to evaluate the effect of 
ranaviral disease history on the body size and age at maturity of R. temporaria populations. 
All models contained only population of origin as a random effect. The p values presented 
here represent the significance of the parameter removed from the preceding model as 
calculated by a likelihood ratio test between models (anova in R.) svl = snout to vent length, 
agemat = age at sexual maturity and df = degrees of freedom of the model.	
Male	body	size	
Fixed	effects	structure	 Removed	fixed	effect	 df	 Chi2	 p	
svl~age	*	status	 	 6	 	 	
svl~age	+	status	 Age	*	Status	 5	 0.059	 0.81	
svl~age		 Status	 4	 0.21	 0.65	
svl~1	 Age	 3	 186.38	 <0.001	
Female	body	size	
Fixed	effects	structure	 Removed	fixed	effect	 df	 Chi2	 p	
svl~age	*	status	 	 6	 	 	
svl~age	+	status	 Age	*	Status	 5	 0.94	 0.33	
svl~age		 Status	 4	 2.43	 0.12	
svl~1	 Age	 3	 47.16	 <0.001	
Male	age	at	maturity	
Fixed	effects	structure	 Removed	fixed	effect	 df	 Chi2	 p	
agemat	~	status	 	 4	 	 	
agemat	~	1	 Status	 3	 0.99	 0.32	
Female	age	at	maturity	
Fixed	effects	structure	 Removed	fixed	effect	 df	 Chi2	 p	
agemat	~	status	 	 4	 	 	
agemat	~	1	 Status	 3	 0.29	 0.59	
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Influence of ranavirus on population age structure. 
The mean age of males from positive disease history populations was 4.8 1 
years old (± SE 0.16) compared to an average age of 6.3 years (± SE 0.13) at 2 
disease free populations. Mean female age at positive history populations was 3 
5.3 years (± SE 0.28) compared to 6.6 years (± SE 0.26) at disease free 4 
populations  5 
 
Disease history had a significant effect on age structure (effect size -1.43, 6 
lower 95% credible interval -2.37, upper 95% credible interval -0.38, p=0.008; 7 
Fig 3), showing populations with a positive history of ranavirosis to be 8 
dominated by younger R. temporaria. We calculated the difference in 9 
posterior probabilities of belonging to an age class based upon disease 10 
history status by subtracting the posterior probability of a frog of age X being 11 
encountered at positive history population from the posterior probability of a 12 
frog of age X being found at a disease free population. The resulting 13 
difference values show that adults aged 2 - 5 years old are more likely to be 14 
encountered in disease positive populations, and those aged 6 – 10 years old 15 
are more likely to be observed at populations where no disease has been 16 
recorded (Fig 4). Differences in age distributions were strongly supported for 17 
all age classes (95% credible intervals of difference do not cross zero) except 18 
for six year olds. Although six-year-old frogs were more likely to be observed 19 
in populations where disease had not been reported, the 95% credible 20 
intervals incorporated 0 (mean difference = -14.41, 95% CI   -30.45 to 3.96; 21 
Fig 4). 22 
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Fig 3: A) Histogram of raw counts of numbers of individuals observed per age class per 
disease history status type. B) Proportional stacked bar chart of the proportion of individuals 
found in populations of each disease history that was a given age, broken down by sex. 
Breeding populations with a poisitive disease history of ranavirus are dominated by animals 5 
years of age and younger. Populations with no history disease are majorly comprised of 
animals 6 years of age and older. 
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Fig 4: The mean difference in the posterior probabilities of belonging to a given age class by 
population infection history status. Values > 0 indicate that an age class is more likely to be 
observed in a positive disease history population and < 0 a putatively disease free population. 
An age with 95% (2.5% - 97.5%) credible intervals that do not span zero suggests that 
influence of disease status on that age class is supported by our model. This is the case for 
all classes other than age 6 which although found to be observed more often in disease free 
populations has credible intervals spanning 0.	
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Population projection modelling 
Initial projections of the population dynamics of positive history (5% reduction 1 
in adult survival per year of age) and disease free populations showed that 2 
both followed approximately equal trajectories. Population growth initially 3 
spiked due to an influx of pre-mature age classes into the population, followed 4 
by a period of attenuating oscillation before reaching equilibrium at around the 5 
fifteenth year (Fig S6.10). Final sizes of disease positive populations were 6 
non-significantly smaller (positive n= ~146 vs disease free n= ~ 182; Welch’s 7 
two sample t-test, t = 1.67, df = 39.76, p = 0.102). 8 
 
Disease free populations subject to a 10% chance of recruitment failure per 9 
year were still able to consistently attain populations sizes near carrying 10 
capacity much more often than any positive history population (Fig 5, Table 2). 11 
Increasing complexity of stochastic scenarios reduced the viability of 12 
populations experiencing ranaviral disease. Disease positive populations 13 
where both adult mass mortality and reproductive failure could occur within 14 
the same year were the least viable, being driven locally extinct in 58% of 15 
model iterations (Fig 5, Table 2). 16 
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Table 2: The number of iterations per 5000 that each stochastic projection model reached a 
given population size. Disease Free = Simulated disease free population under a 10% annual 
chance of complete reproductive failure. Positive = Simulated positive disease history 
population under a 10% annual chance of complete reproductive failure. Positive A = 
Simulated positive disease history population under a 10% annual chance of reproductive 
failure and a 10% annual chance of a recurrent adult mass mortality event in exclusive years. 
Positive B = Simulated positive disease history population under identical conditions to 
Positive A with addition of a 5% annual chance of complete recruitment failure and adult mass 
mortality in the same year. K = Imposed population carrying capacity of 200. 
Model Extinct <50 50-100 100-150 150-199 K 
Disease Free 12 525 177 734 1319 2233 
Positive  429 4062 443 48 15 3 
Positive A 611 4300 87 2 0 0 
Positive B 2918 2081 1 0 0 0 
	
	
	
Fig 5: Frequency polygon of iterations in which the projected population hit a given size in 
stochastic projection modelling. The same starting population vector based on summed 
observed disease free populations was used in all models. Disease Free = Simulated disease 
free population under a 10% annual chance of complete reproductive failure. Positive = 
Simulated positive disease history population under a 10% annual chance of complete 
reproductive failure. Positive A = Simulated positive disease history population under a 10% 
annual chance of reproductive failure AND a 10% annual chance of a recurrent adult mass 
mortality event in exclusive years. Positive B = Simulated positive disease history population 
under identical conditions to Positive A with addition of a 5% annual chance of complete 
recruitment failure and adult mass mortality in the same year. 
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Discussion 
Our results provide the first evidence that a history of ranavirosis in amphibian 1 
populations may drive shifts in the age structure of the mature component of 2 
host populations, potentially due to impacts on host life history strategy. We 3 
found that breeding populations of R. temporaria with a positive history of 4 
ranaviral infection were significantly more likely to contain individuals of 2 – 5 5 
years of age than were breeding populations without a known history of 6 
exposure to ranavirus. Conversely, disease free populations were more likely 7 
to contain older individuals aged 6-10 years old. Our subsequent population 8 
matrix modelling revealed that the demographic differences between positive 9 
history and disease free populations might increase the vulnerability of the 10 
former to variable environmental conditions that affect recruitment and adult 11 
survival. Our data suggest that challenge by disease can mediate shifts in 12 
individual life histories that subsequently increase the susceptibility of 13 
populations to declines caused by stochastic environmental conditions. Such 14 
increased vulnerability is a potential explanatory mechanism as to why, even 15 
in the absence of high rates of mortality in younger age classes, disease- 16 
challenged populations can suffer higher rates of extirpation over more 17 
protracted time scales.  18 
The impact of disease on body size and age at sexual maturity 
Life history theory predicts that when mortality rates in adults are high, 19 
reproductive fitness is maximised when reproduction begins earlier in life 20 
(Agnew, Koella & Michalakis 2000). We therefore hypothesised that R. 21 
temporaria originating from populations where ranavirosis causes increased 22 
adult mortality would reach sexual maturity at an earlier age than frogs from 23 
disease free populations. We also hypothesised that a trade-off in the 24 
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allocation of resources to early reproduction rather than growth would cause 1 
frogs from disease positive populations to attain a lower body size per age 2 
than their counterparts from disease free populations. Both of these 3 
hypotheses were also based upon empirical studies conducted on populations 4 
of other vertebrates subjected to persistent infectious diseases (Jones et al. 5 
2008a; Lachish et al. 2009; Ohlberger et al. 2011; Fitzpatrick et al. 2014). 6 
Surprisingly, we found that neither of these hypotheses were supported by our 7 
data. We found that a positive disease history of ranavirosis does not have a 8 
significant impact on either age at sexual maturity or body size throughout life. 9 
This is in contrast with the findings of Scheele et al. (2017) who did find that 10 
an infectious disease (Bd) reduced the size and age at sexual maturity of L. v. 11 
alpina.  12 
 
The age at which R. temporaria mature is intrinsically linked to attaining a 13 
minimum body length needed to successfully reproduce (Ryser 1996; Miaud 14 
et al. 1999). The age at which this length is attained has been shown to be 15 
heavily influenced by several environmental factors such as photo-period and 16 
altitude (Miaud et al. 1999). All frogs in our study were found to mature at 17 
either 2, 3 or 4 years of age and this is consistent with the findings of other 18 
similar studies on R. temporaria (Gibbons 1983; Ryser 1996; Miaud et al. 19 
1999). In fact, no previous study has found male or female R. temporaria to 20 
reach maturity younger than 2 years of age and it has been shown that post- 21 
sexual maturity there is little detectable trade-off between growth and 22 
fecundity in response to sub-prime environments (Lardner & Loman 2003). 23 
This suggests that the life history strategy of R. temporaria may already be 24 
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optimised to generate maximum reproductive fitness in light of other factors of 1 
their environment and that scope for further plasticity in traits such as age at 2 
sexual maturity and subsequent growth rates upon the introduction of an 3 
infectious disease may be minimal.  4 
The impact of disease on population age structure 
Our results illustrate that a history of disease can have a significant effect on 5 
the age structure of a population. We found that older R. temporaria (aged 6 - 6 
10 years) are significantly less likely to be found within populations that have 7 
a positive history of ranaviral disease than disease free populations. Rana 8 
temporaria are highly philopatric (Brabec et al. 2009), and our study 9 
populations occupy permanent, urban or semi-urban garden ponds (Teacher 10 
et al. 2010; Price et al. 2016). Ranaviruses have been shown to be able to 11 
persist in permanent water bodies (Nazir et al. 2012), particularly in the 12 
presence of suboptimal or secondary host species (Hoverman et al. 2011; 13 
North et al. 2015). Mortality due to ranavirosis is annually recurrent (Daszak et 14 
al. 1999; Teacher et al. 2010) and unlike many similar host-ranavirus systems 15 
globally, infection in the UK seems to primarily affect adult life stages of R. 16 
temporaria (Cunningham et al. 1996; Duffus et al. 2013). Apparent adaptive 17 
immune response of R. temporaria to ranaviruses is limited (Price et al. 2015). 18 
It is therefore possible that adult mortality in infected populations is 19 
maintained in such a way that an individual is more likely to become infected 20 
and die from ranavirosis the more often it returns to spawn in infected water 21 
bodies. Such a scenario, would explain the decreased likelihood of observing 22 
animals greater than 5 years of age in populations with a positive disease 23 
history of ranavirosis.  24 
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Concurrently, we found that a significantly higher number of 2 – 5 year old 1 
frogs were captured at disease free populations than at populations with a 2 
positive disease history of ranaviral infection. Given the apparent lack of 3 
compensatory change in age at sexual maturity, which may cause such an 4 
effects, this clear overabundance of young animals in the breeding ponds at 5 
disease free populations is more difficult to explain. 6 
 
Theory suggests that the first compensatory response to high adult mortality 7 
should come in the survival rates of lower age classes (Stearns 1992). We 8 
lack any data on the immature age classes present at our study populations 9 
and the snapshot nature of our study means we cannot draw inference on 10 
whether the survival rates of younger adult age classes are increased in 11 
positive disease history populations. However, it is plausible that such an 12 
increase could result in the overabundance of younger animals.  13 
 
Alternatively, the fact that we encountered 2 and 3-year-old breeding frogs at 14 
positive history populations but not disease free populations suggests that the 15 
relatively high number of young animals might be the result of behavioural 16 
changes that enhance the life time reproductive success of individuals in the 17 
face of high adult mortality.  18 
 
Participation in spawning events in exposed aquatic environments is 19 
associated with significant mortality risk to an individual, caused either by 20 
exposure to predation or the act of mating itself (Beebee 1996). Additionally, 21 
smaller R. temporaria present in breeding populations are easily out 22 
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competed by larger individuals, who are more likely to secure a mate and 1 
achieve amplexus (Gibbons 1983). Participating in breeding events when the 2 
chance of reproductive success is low is potentially counter-productive to an 3 
individual’s reproductive fitness meaning that small, less competitive 4 
individuals may defer breeding attempts until they are older and larger. 5 
However, in environments of high adult mortality the number of lifetime 6 
reproductive events is potentially limited. In such environments lifetime, 7 
reproductive success is likely to be higher when an individual takes advantage 8 
of all possible chances to produce offspring. This may result in smaller, less 9 
competitive individuals attempting to breed earlier than they would do in the 10 
absence of disease induced mortality. 11 
 
The loss of larger, more competitive individuals at disease positive field sites 12 
may also release the smaller individuals from intraspecific competitive 13 
pressure. Increased opportunity for less competitive individuals to participate 14 
successfully in reproductive events may also result in animals that would 15 
normally defer breeding attempts until subsequent years or larger body sizes 16 
attempting to reproduce earlier. Any of the above-described mechanisms, or a 17 
combination of the three would lead to an increase in the number of younger 18 
animals in positive history breeding populations relative to populations that 19 
have never experienced disease.  20 
The potential impact of disease on the viability of populations 
When modelled in the absence of environmental variability our 21 
representations of both positive history and disease free populations were 22 
able to attain growth rate equilibrium and persist indefinitely. However, the 23 
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likelihood of extinction increased in simulated positive disease history 1 
populations as higher levels of environmental stochasticity were incorporated 2 
into our model. These results are consistent with previous observations of age 3 
structure truncation increasing the vulnerability of populations to 4 
environmental stochasticity (Ohlberger et al. 2011; Rouyer et al. 2012; 5 
Scheele et al. 2016).  6 
 
We are afforded a degree of confidence in our population models as the 7 
results corroborate previous empirical data collected from within the same 8 
study system. A long-term study of population sizes has shown that following 9 
an outbreak of ranavirosis, characterised by a mass mortality event, UK frog 10 
populations follow three possible trajectories. These are: 1) complete recovery 11 
to post outbreak population levels, 2) persistence at a largely reduced 12 
population size, or 3) local extinction (Teacher et al. 2010). Our simulated R. 13 
temporaria populations were projected to population sizes that incorporate all 14 
of these possible outcomes, dependant on the levels of environmental 15 
stochasticity to which a population was subjected.  16 
 
Body size, age and fecundity are tightly positively correlated in R. temporaria 17 
(Gibbons & McCarthy 1986) as well as in many other species (eg; Blueweiss 18 
et al. 1978; Honěk 1993; Trippel 1993; Sand 1996; Penteriani, Balbontin & 19 
Ferrer 2003). The relative absence of the oldest and largest breeding animals 20 
from disease positive populations means that per capita fecundity will be 21 
reduced and annual recruitment rates lowered. Such changes likely heighten 22 
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the impacts of any events that result in failed recruitment or further adult 1 
mortality. 2 
 
Our simulations suggest that the fate of an infected population may depend 3 
heavily upon the environmental conditions in the years following an outbreak, 4 
providing a potential explanation of why some populations appear to persist in 5 
the presence of an infectious disease, while others are driven to local 6 
extirpation. Although we have demonstrated the potential importance of 7 
environmental variation on the within population disease dynamics of 8 
ranavirus, it is not thought to play a role in the wider context of disease spread 9 
(Price et al. 2016). 10 
The importance of variations in fecundity in population models 
It is well known that R. temporaria grow continually throughout life (Ryser 11 
1996; Miaud et al. 1999; Lardner & Loman 2003), and our data show this to 12 
be true in our study populations. We therefore took variations in fecundity by 13 
body size into account when constructing our population projection matrix 14 
models. In the absence of increased extrinsic mortality, populations simulated 15 
by a matrix with varied fecundity were stable and viable. However, when 16 
increased adult mortality due to ranaviral exposure was incorporated into our 17 
models, the lower fecundity of younger adult age classes played a role in the 18 
reduced viability observed. Variations in adult fecundity due to body size are 19 
often not included in population projection modelling (Briggs et al. 2005; but 20 
see Zambrano et al. 2007). However, this result highlights the importance of 21 
considering age or body size specific changes in fecundity in population 22 
modelling, particularly when considered threats disproportionately impact 23 
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certain age classes. Ensuring matrix models of populations represent the life 1 
history of the study species as closely as possible is essential, especially 2 
when seeking to inform conservation or policy decision making. 3 
Conclusion 
Empirical evidence is beginning to accumulate that infectious disease can 4 
alter the demographic structure of populations. This is of particular concern in 5 
species that are already vulnerable to extinction. Our results provide the first 6 
evidence that infection with a ranavirus results in age truncation of amphibian 7 
populations, despite no obvious change in age or body size at sexual 8 
maturity. Population projections showed that the impact of age structure 9 
truncation on disease positive populations could potentially be substantial, 10 
increasing vulnerability to environmental fluctuations that affect recruitment 11 
success. Our results highlight an increasing need to better understand the 12 
impact of disease on life history and the demography of host populations. 13 
Further investigation of this relationship, possibly via a long-term mark- 14 
recapture study on the same populations used here could elucidate the exact 15 
mechanisms by which these demographic shifts are generated. This work 16 
provides evidence that the emergence of an infectious disease within a 17 
population can heighten its vulnerability to external stressors. Although in this 18 
case our theoretical stressors were environmental in origin the same is likely 19 
to be true for all types of stressor, including anthropogenic. 20 
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Chapter 7: Discussion and future directions 
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This thesis has investigated the impact of emerging viral pathogens belonging 1 
to the genus Ranavirus on wild populations of the European common frog 2 
(Rana temporaria) in the UK. Each empirical chapter has drawn on a different 3 
set of techniques and has answered a distinct research question, as such, 4 
each is presented with its own discussion and conclusions section. Therefore, 5 
in this final chapter I will briefly summarise the major findings of this thesis 6 
and consider them in the context of key questions that remain to be 7 
answered.  8 
 
Several of the research projects presented in this thesis represent entirely 9 
new areas of enquiry with regards to ranaviruses. Thus, there is a great deal 10 
of scope for future research to expand upon these works. I will therefore 11 
outline some possible directions that this future work might take. 12 
Are UK R. temporaria particularly at risk due to ranavirus? 
Rana temporaria populations in the United Kingdom are one of only a few 13 
amphibian species categorically known to have experienced a decline in 14 
numbers due to the emergence of ranaviruses (Teacher et al. 2010). This 15 
may be because they are one of the only groups of amphibians to have been 16 
continually observed following disease outbreaks or it may represent a true, 17 
elevated threat posed to UK R. temporaria populations by the emergence of 18 
ranaviruses. 19 
 
Several of the ecological risk factors associated with ranaviral infection can be 20 
observed within wild populations of R. temporaria in the UK. For example, R. 21 
temporaria populations often exist in areas of high human population density 22 
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and breed in permanent water bodies that likely contain secondary host 1 
species (Hoverman et al. 2011; North et al. 2015). Rana temporaria 2 
populations in the UK are also often small, fragmented and isolated due to 3 
physical barriers such as property boundaries and roads (Hitchings & Beebee 4 
1997), characteristics that have theoretically been identified as raising the risk 5 
of local extinction of amphibian populations due to ranaviral emergence (Earl 6 
& Gray 2014). 7 
 
Evidence from North American species suggests that amphibian populations 8 
can evolve a degree of resistance to locally occurring ranaviruses through the 9 
course of a co-evolutionary history (Storfer et al. 2007; Schock et al. 2009). 10 
Studies on UK R. temporaria populations have also suggested that they too 11 
may be adapting to cope with ranaviral infection through a switch to an 12 
assortative mating pattern and purifying selection at the major 13 
histocompatibility complex (Teacher et al. 2009a; b).  14 
 
As discussed at length in chapter 2, an assortative mating pattern in the face 15 
of disease may enable a population to quickly respond to the presence of a 16 
pathogen. It may also reduce the genetic diversity within the population, 17 
threatening its long-term viability. The switch to an assortative mating pattern 18 
by R. temporaria populations affected by a ranavirus may therefore only be 19 
heightening their risk of local extinction.  20 
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Additionally, several of my findings presented herein find no evidence of any 1 
benefit of such adaptations in populations with a positive disease history of 2 
ranaviral infection. 3 
 
In chapter 3, I demonstrated that originating from a population with a positive 4 
disease history of ranaviral infection did not negatively influence the viral 5 
loads of metamorphic R. temporaria following experimental infection with a 6 
ranavirus. Although this finding must be considered with the caveats 7 
discussed in that chapter, it is at least suggestive that a prior population 8 
history of ranaviral infection does not provide members of that population with 9 
an advantage when directly challenged with a virus  10 
 
The results of the gene expression study presented in chapter 4 revealed 11 
differences in the transcriptomes of populations with varying ranaviral disease 12 
histories. However, a lack of functional specificity in the genes and pathways 13 
involved suggests that such transcriptional changes may not be reflective of a 14 
coherent adaptive response to the presence of a ranavirus within a 15 
population.  16 
 
This lack of population level adaptive response may be manifest in the fact 17 
that many R. temporaria populations with a positive history of ranavirus exhibit 18 
annual mortality due to ranaviral infection and mass mortality events that often 19 
recur periodically (Teacher et al. 2010; Price et al. 2016).  20 
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In chapter 6 I provide the first evidence that ranaviruses may further threaten 1 
R. temporaria populations by driving changes to population age structures 2 
and life history strategies. I observed that R. temporaria sampled at 3 
populations with a positive disease history of ranavirosis are significantly more 4 
likely to be younger than 5 years of age, with the opposite being true of frogs 5 
captured at populations that have never experienced disease. Matrix 6 
population models suggest that reduced levels of recruitment due the relative 7 
absence of older, larger, more fecund frogs may reduce the ability of positive 8 
disease history populations to cope with additional environmental fluctuations, 9 
thus further increase the risk of local extirpation.  10 
 
When considered together, this potential lack of adaptive response, coupled 11 
with population level impacts that go beyond the mortality caused by acute 12 
disease may mean that UK R. temporaria populations are particularly 13 
vulnerable to declines caused by ranaviral infection.  14 
 
Long term capture-mark-recapture studies conducted within the same network 15 
of frog populations that I have studied here would allow for a finer scale 16 
assessment of population declines due to ranaviruses. The detection of year 17 
on year survival rates of frogs of various age classes, from populations of both 18 
positive history and disease free populations would allow for the 19 
parameterisation of population projection models that more accurately 20 
represent UK R. temporaria populations, thus allowing for more sensitive and 21 
accurate theoretical appraisal of how vulnerable these populations truly are.  22 
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The falling costs of next generation sequencing means that extensions of the 1 
transcriptomic experiment presented in chapter 4 are a possible route of 2 
further investigation. Increasing the number of populations sampled may allow 3 
for increased confidence in observed transcriptional changes. Avoiding the 4 
use of pooled samples can also increase the power of such studies and may 5 
reveal clearer distinction between the transcriptional profiles of animals from 6 
positive disease history and disease free populations.  7 
Is the amphibian skin microbiome a potential tool in the 
mitigation of ranavirosis? 
The novel approach to wildlife transcriptomics that was applied to the large 8 
RNA-Seq data set generated in chapter 4 gave rise to the intriguing 9 
unforeseen finding of a discrepancy in the levels of bacterial contamination 10 
between read-sets originating from positive disease history and disease free 11 
populations. Subsequent exploratory analysis revealed that the detectable 12 
bacterial species diversity was lower in positive disease history populations 13 
and that the composition of the identified bacterial communities was distinct 14 
between populations of different disease histories.  15 
 
I expanded on this finding in chapter 5 by using a 16S amplicon sequencing 16 
approach to classify and compare the skin microbiomes of over 200 individual 17 
R. temporaria from 10 different populations. This study again revealed that the 18 
diversity in detectable bacteria at positive disease history populations is lower 19 
than disease free populations (though this relationship was much less 20 
pronounced than in chapter 4) and showed a clear distinction between the 21 
skin bacterial communities of frogs originating from populations of different 22 
disease history groups.  23 
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The interaction between the amphibian skin microbiome and the fungal 1 
pathogen Batrachochytrium dendrobatidis (Bd) is an active and fruitful area of 2 
research. A number of bacterial species have been identified as inhibitory to 3 
Bd (Woodhams et al. 2014; Antwis et al. 2015) and the potential use of 4 
probiotic treatments to mitigate Bd in situ is currently being evaluated (Bletz et 5 
al. 2013; Kueneman et al. 2016). Though the potential for such probiotic 6 
treatments to unbalance natural ecosystems must be carefully considered, 7 
chapters 4 and 5 of this thesis represent the first evidence of a relationship 8 
between amphibian skin microbiomes and ranaviruses in the wild and so the 9 
first step towards the implementation of similar treatments that could 10 
potentially mitigate ranavirosis in wild amphibian populations. The use of 11 
probiotics to lower the severity of ranavirus infections in herpetoculture and 12 
pet trade facilities is also an exciting and valuable avenue of further 13 
investigation. 14 
 
Additionally, the composition of the amphibian skin microbiome has been 15 
shown to be an accurate predictor of a populations susceptibility to Bd 16 
(Rebollar et al. 2016b; Jani et al. 2017). Currently, we do not know whether 17 
the structural differences observed between the commensal microbial 18 
communities of R. temporaria populations with a positive disease history of 19 
ranavirosis and populations that are disease free is a cause or a consequence 20 
of their prior infection. However, should further research identify that the 21 
composition of amphibian skin microbiomes affects the risk of ranaviral 22 
outbreaks, classification of commensal skin bacterial communities may 23 
provide a method of identifying populations that are most at risk of disease 24 
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outbreaks, allowing for the targeted deployment of measures to prevent viral 1 
introduction to these populations or to mitigate the impacts of disease. 2 
 
Understanding whether the structure of the amphibian skin microbiome 3 
predisposes a population to ranaviral infection or is subsequently impacted by 4 
the presence of the pathogen is a logical next step in this area of research. 5 
This could be accomplished using experimental infection trials conducted on 6 
R. temporaria with skin microbiomes manipulated to represent animals 7 
originating from populations with and without a history of ranaviral disease. 8 
Temporal swab sampling of the skin microbial communities, coupled with 9 
survival data would allow for exploration of how each type of microbiome is 10 
impacted by pathogen presence throughout the duration of infection and 11 
whether either type of microbial community imparts a fitness advantage upon 12 
its host in the face of acute infections. 13 
How important is Bacillus subtilis? 
Based on the RNA-Seq data presented in chapter 4 Bacillus subtilis, a notable 14 
priobiotic (Aly et al. 2008), is classified as the most abundant bacterial species 15 
on the skin of frogs originating from positive disease history populations by 16 
two orders of magnitude. However, in chapter 5, though they were detected, 17 
members of the genus Bacillus were not retained in the group of most 18 
abundant bacterial species, suggesting that it accounted for less than 0.1% of 19 
all generated reads and its abundance on the skin of R. temporaria is low.  20 
 
The shotgun RNA-Seq approach employed in chapter 4 means that any RNA 21 
present within a given sample had the potential to be represented in our 22 
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generated read data. This is inclusive of any messenger RNA expressed by a 1 
bacterium at the moment of sampling. The possibility therefore exists that the 2 
differential abundance of B. subtilis observed based upon RNA-Seq data may 3 
not be due to a relatively increased bacterial biomass but because it is the 4 
species expressing some portion of its genome at the highest rate. Therefore, 5 
when bacterial communities were categorised based on the partial DNA 6 
sequence of the 16S rRNA gene, which is present only once per each 7 
bacterial cell and so represents an effective census of sequenced bacteria, 8 
this overabundance of B. subtilis was not apparent.  9 
 
Some bacterial species have been shown to produce anti-microbial 10 
metabolites in the presence of Bd (Brucker et al. 2008).This potential increase 11 
in expression by B. subtilis is therefore interesting as it may indicate increased 12 
productivity by this bacterial species due to the presence of a ranavirus. A 13 
targeted study of the transcriptional activity of members of the amphibian skin 14 
microbiome at an expanded set of populations of different disease histories 15 
would be valuable in verifying the findings of chapter 4. It would also be 16 
interesting to test the direction of this potential relationship by attempting to 17 
culture a ranavirus in the presence of metabolites produced by B. subtilis and 18 
observing the impact on viral growth. Additionally, incorporating experimental 19 
pre-exposure to cultured B. subtilis into laboratory infection trials would help to 20 
elucidate if the presence of B. subtilis provides any sort of fitness advantage 21 
to amphibian hosts when subjected to subsequent ranaviral infection. Chapter 22 
5 also provides a more extensive list of candidate bacterial species that could 23 
also be investigated in the manner outlined above. 24 
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In conclusion, this thesis can perhaps be seen as a work of two halves. On a 1 
negative note, I have found little evidence to suggest that populations of R. 2 
temporaria in the UK are successfully adapting to presence of these lethal 3 
viral pathogens. I have also demonstrated that ranaviruses may harm their 4 
host populations even in the absence of obvious mass mortality events. On 5 
the other hand, I have provided first evidence of a relationship between the 6 
amphibian skin microbiome and ranaviruses in the wild. By following the lead 7 
of researchers focussing on other amphibian diseases, this finding has the 8 
potential to provide mitigation strategies in the future. Though our knowledge 9 
of the pathogens themselves grows more sophisticated, the study of host- 10 
ranavirus interactions at the population level is still very rare. Understanding 11 
such interactions is key in predicting and preventing the true impact of these 12 
pathogens. I am therefore hopeful that the work that I have presented here 13 
will act as a springboard for such research globally. 14 
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Supplementary tables and figures 
 
 
 
 
 
 
 
 
Fig S3.1: Top) Full set of experiment 
boxes. Each box contained a single 
metamorph and each section contained 
either all treatment or all control 
animals. Each section was rotated 
clockwise around the shelving system 
daily  
 
Middle) One section of boxes, each box 
was moved one place up its stack and 
the position of each stack changed 
within the section each day.  
 
Bottom) A metamorphic R. temporaria 
in an individual experimental box, 
including plastic hide and moist paper 
substrate. 
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Table S4.1: Approximate number of expected elements in each Bloom filter. Number of 
elements was estimated by ntCard as described in Methods section. 
 
Bloom filter # of elements 
Algae 2,000,000,000 
Plant 1,000,000,000 
Fungi 6,500,000,000 
Bacteria 6,000,000,000 
Archaea 410,000,000 
Virus 150,000,000 
Table S4.2: Bloom filtering results. Total reads = the total number of sequencing reads generated per population. Archaea – Virus = the number of reads that hit 
each contaminant bloom filter and was not rescued by the the conservative frog filter. # total = the total number of contaminant reads per population. %total = the 
percentage of the total generated reads that were identified as of contaminant origin per population. Populations with a positive disease history of ranaviral 
infection are denoted with ** 
.	
Site Total reads  Archaea Algae Bacteria Fungi Plant Virus # total % total 
Poole ** 256,258,638 50,764 119,955 279,520 133,455 340,370 25,851 949,915 0.37 
Deal ** 191,703,502 30,932 73,388 373,377 74,465 270,868 13,641 836,671 0.44 
Ealing ** 194,762,454 34,822 81,321 300,340 79,920 236,833 16,163 749,399 0.38 
Mitcham 169,683,686 38,431 74,586 58,514 83,828 211,364 17,686 484,409 0.29 
Palmer's Green 195,018,808 48,355 128,255 86,589 124,231 517,407 22,968 927,805 0.48 
Oxford 184,674,626 36,904 79,089 88,278 95,291 334,667 17,493 651,722 0.35 
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Table S5.1: The number of frogs sampled and sequenced per each population (# 
sequenced). #beta is the number of frogs that were used in the beta diversity/community 
composition analysis 
Population Status Month of sampling # 
sampled 
# 
sequenced 
# 
beta  
Ealing Positive March 46 30 30 
Poole Positive January 43 30 30 
Southampton Positive February 7 6 6 
Chessington Positive March 30 28 28 
Tadworth Positive February 21 17 17 
Mitcham Disease Free March 61 30 27 
Folkington 
Corner 
Disease Free March 4 4 3 
Palmer’s 
Green 
Disease Free March 61 29 29 
Oxford Disease Free March 26 23 23 
Witham Disease Free March 5 5 3 
 
Fig S5.2: Bray-Curtis NMDS plot of skin microbiome similarity with SEX dependant group 
centroids. The microbial community of each individual R. temporaria is represented by a 
point. Blue points relate to Male frogs and red to female frogs. Sex was not used as a 
predictor in our PERMANOVA analysis. 
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Fig S5.3: Bray-Curtis NMDS plot of skin microbiome similarity with SIZE dependant group 
centroids. The microbial community of each individual R. temporaria is represented by a 
point. Frogs were grouped based on their size. Blue points represent frogs with a body length 
of less than 70 mm and red points frogs with a body length of greater than 70 mm. Size was 
used as a predictor in our PERMANOVA analysis. 
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Fig S5.4: Bray-Curtis NMDS plot of skin microbiome similarity with AGE dependant group 
centroids. The microbial community of each individual R. temporaria is represented by a 
point. Frogs were grouped depending on their age. Blue points represent frogs less than 5 
years old and red points relate to frogs that are older than 5 years of age. Age was used as a 
predictor in our PERMANOVA analysis. 
Table S6.1: The number of frogs sampled per each population. 
Population Status # of frogs sampled 
Ealing Positive 46 
Poole Positive 43 
Southampton Positive 7 
Chessington Positive 30 
Tadworth Positive 21 
Mitcham Disease Free 61 
Folkington Corner Disease Free 4 
Palmer’s Green Disease Free 61 
Oxford Disease Free 26 
Witham Disease Free 5 
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Fig S6.2: The proportion of individuals that reached sexual maturity at each possible age 
within the summed male and female populations of each disease history group. The age at 
which sexual maturity was reached was calculated as the age at which the space between 
lines of arrested growth reduced. Due to faster growth pre-sexual maturity, the space 
between LAGs in higher in immature anuran amphibians.  
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Table S6.3: Basal population matrix. Row one represents the fecundity of all life stages on the 
horizontal into the egg life stage, the number is equivalent to females produced per female. All other 
rows represent the proportional survival of each age class on the horizontal to the relevant age class 
on the vertical aspect of the matrix. 
 Egg Juvenile 2y 3y 4y 5y 6y 7y 8y 9y 10y 
Egg 0 0 250 300 350 400 450 500 550 600 650 
Juvenile 0.019 0.25 0 0 0 0 0 0 0 0 0 
2y 0 0.01 0 0 0 0 0 0 0 0 0 
3y 0 0.05 0.45 0 0 0 0 0 0 0 0 
4y 0 0.02 0 0.45 0 0 0 0 0 0 0 
5y 0 0 0 0 0.45 0 0 0 0 0 0 
6y 0 0 0 0 0 0.45 0 0 0 0 0 
7y 0 0 0 0 0 0 0.45 0 0 0 0 
8y 0 0 0 0 0 0 0 0.45 0 0 0 
9y 0 0 0 0 0 0 0 0 0.45 0 0 
10y 0 0 0 0 0 0 0 0 0 0.1 0 
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Fig S6.4: Population dynamics of theoretical disease free populations and theoretical 
ranavirus positive populations modelled with an increasingly large annual percentage 
increase in adult mortality due FV3 infection. We found no significant difference between the 
population estimates through time based on varying this survival parameter alone (ANOVA; df 
= 6, 140, F=0.889, p=0.505). In the absence of an empirically proven value for this parameter, 
we selected a value of 5% annual increase in mortality to represent the probabilistic increase 
of succumbing to ranaviral infection with an increasing number of years returning to breed at 
the same infected field site. 
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Table S6.6: Population matrix representing complete spawning failure in ranavirus negative 
populations. Row one represents the fecundity of all life stages on the horizontal into the egg life 
stage, the number is equivalent to females produced per female. All other rows represent the 
proportional survival of each age class on the horizontal to the relevant age class on the vertical 
aspect of the matrix. 
 Egg Juvenile 2y 3y 4y 5y 6y 7y 8y 9y 10y 
Egg 0 0 0 0 0 0 0 0 0 0 0 
Juvenile 0.019 0.25 0 0 0 0 0 0 0 0 0 
2y 0 0.01 0 0 0 0 0 0 0 0 0 
3y 0 0.05 0.45 0 0 0 0 0 0 0 0 
4y 0 0.02 0 0.45 0 0 0 0 0 0 0 
5y 0 0 0 0 0.45 0 0 0 0 0 0 
6y 0 0 0 0 0 0.45 0 0 0 0 0 
7y 0 0 0 0 0 0 0.45 0 0 0 0 
8y 0 0 0 0 0 0 0 0.45 0 0 0 
9y 0 0 0 0 0 0 0 0 0.45 0 0 
10y 0 0 0 0 0 0 0 0 0 0.1 0 
Table S6.5: Population matrix representing complete spawning failure in ranavirus positive 
populations (5% reduced survival per year for adults). Row one represents the fecundity of all life 
stages on the horizontal into the egg life stage, the number is equivalent to females produced per 
female. All other rows represent the proportional survival of each age class on the horizontal to the 
relevant age class on the vertical aspect of the matrix. 
 Egg Juvenile 2y 3y 4y 5y 6y 7y 8y 9y 10y 
Egg 0 0 0 0 0 0 0 0 0 0 0 
Juvenile 0.019 0.25 0 0 0 0 0 0 0 0 0 
2y 0 0.01 0 0 0 0 0 0 0 0 0 
3y 0 0.05 0.45 0 0 0 0 0 0 0 0 
4y 0 0.02 0 0.40 0 0 0 0 0 0 0 
5y 0 0 0 0 0.35 0 0 0 0 0 0 
6y 0 0 0 0 0 0.3 0 0 0 0 0 
7y 0 0 0 0 0 0 0.25 0 0 0 0 
8y 0 0 0 0 0 0 0 0.2 0 0 0 
9y 0 0 0 0 0 0 0 0 0.15 0 0 
10y 0 0 0 0 0 0 0 0 0 0.1 0 
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Table S6.7: Population matrix representing a year with a mass mortality event in ranavirus positive 
populations. Row one represents the fecundity of all life stages on the horizontal into the egg life 
stage, the number is equivalent to females produced per female. All other rows represent the 
proportional survival of each age class on the horizontal to the relevant age class on the vertical 
aspect of the matrix. 
 Egg Juvenile 2y 3y 4y 5y 6y 7y 8y 9y 10y 
Egg 0 0 250 300 350 400 450 500 550 600 650 
Juvenile 0.019 0.25 0 0 0 0 0 0 0 0 0 
2y 0 0.01 0 0 0 0 0 0 0 0 0 
3y 0 0.05 0.2 0 0 0 0 0 0 0 0 
4y 0 0.02 0 0.2 0 0 0 0 0 0 0 
5y 0 0 0 0 0.2 0 0 0 0 0 0 
6y 0 0 0 0 0 0.2 0 0 0 0 0 
7y 0 0 0 0 0 0 0.2 0 0 0 0 
8y 0 0 0 0 0 0 0 0.2 0 0 0 
9y 0 0 0 0 0 0 0 0 0.15 0 0 
10y 0 0 0 0 0 0 0 0 0 0.1 0 
Table S6.8: Population matrix representing a year with a mass mortality event and total reproductive 
failure in ranavirus positive populations. Row one represents the fecundity of all life stages on the 
horizontal into the egg life stage, the number is equivalent to females produced per female. All other 
rows represent the proportional survival of each age class on the horizontal to the relevant age class 
on the vertical aspect of the matrix. 
 Egg Juvenile 2y 3y 4y 5y 6y 7y 8y 9y 10y 
Egg 0 0 0 0 0 0 0 0 0 0 0 
Juvenile 0.019 0.25 0 0 0 0 0 0 0 0 0 
2y 0 0.01 0 0 0 0 0 0 0 0 0 
3y 0 0.05 0.2 0 0 0 0 0 0 0 0 
4y 0 0.02 0 0.2 0 0 0 0 0 0 0 
5y 0 0 0 0 0.2 0 0 0 0 0 0 
6y 0 0 0 0 0 0.2 0 0 0 0 0 
7y 0 0 0 0 0 0 0.2 0 0 0 0 
8y 0 0 0 0 0 0 0 0.2 0 0 0 
9y 0 0 0 0 0 0 0 0 0.15 0 0 
10y 0 0 0 0 0 0 0 0 0 0.1 0 
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Fig	S6.9:	Projected	population	dynamics	of	FV3	positive	and	negative	populations	 in	the	absence	of	
environmental	stochasticity.	Starting	population	vectors	were	created	by	weighted	random	sampling	
of	150	animals	based	on	the	proportions	of	each	age	class	observed	 in	populations	of	each	disease	
status	 in	 our	 data.	 FV3	 positive	 populations	 were	 modelled	 as	 having	 a	 5%	 decreasing	 chance	 of	
survival	year	on	year	whereas	survival	of	sexually	mature	adults	in	uninfected	sites	was	held	constant.		
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